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INTRODUCTION 


The  biofouling  and  corrosion  of  Ocean  Thermal  Energy  Conversion 
(OTEC)  plants  are  critical  factors  in  the  economic  feasibility  of  these 
plants.  Biofouling  can  decrease  heat  transfer  capacity  of  the  critical 
heat  exchangers,  increase  pumping  requirements  due  to  clogging  of  pipes 
and  valves,  and  increase  the  drag  and  weight  of  the  platform  hull. 
Corrosion  can  result  in  high  maintenance  and  replacement  costs  and  large 
amounts  of  downtime.  Since  OTEC  plants  *te  significantly  different  from 
any  system  built  to  date  in  both  size  and  operating  characteristics, 
there  is  little  direct  experience  from  which  specific  anticorrosion  or 
antibiofouling  measures  can  be  adopted.  Past  experience  has  shown, 
however,  that  there  are  certain  basic  principles  of  corrosion  and  foul- 
ing control  which,  if  properly  interpreted,  can  be  applied  to  many 
specific  applications. 

Corrosion  and  biofouling  coni rol  should  be  carefully  differentiated 
from  corrosion  4nd  biofouling  prevention.  Almost  all  real  industrial 
plants  corrode.  Almost  all  industrial  plants  that  use  seawater  are 
subject  to  biofoulirg.  It  has  been  found  that  it  is  not  economically 
feasible  to  completely  prevent  corrosion  or  biofouling.  Corrosion  and 
biofouling  control  is  the  art/science  of  maintaining  corrosion  and  bio- 
fouling at  economically  tolerable  levels.  The  basic  tactic  of  corrosion 
and  biofouling  control  is  to  identify  what  levels  and  types  of  corrosion 
and  biofouling  can  be  tolerated  in  specific  areas  and  to  control  them  to 
those  levels.  An  alternative  tactic  is  to  predict  the  level  and  type  of 
corrosion  and  biofouling  that  will  occur  and  then  devise  equipment  that 
will  tolerate  that  amount  of  corrosion  and  biofouling. 

The  incorporation  of  corrosion  and  biofouling  control  into  the 
design  of  any  system  is  essentially  an  iterative  process.  A specific 
design  is  proposed  using  available  corrosion  and  biofouling  control 
methods.  The  results  are  analyzed  to  predict  corrosion  and  biofouling 
behavior.  Then  the  design  is  modified  as  necessary  until  a balance 
between  cost  and  performance  is  achieved.  The  corrosion  engineer  has  at 
his  disposal  only  two  basic  tools.  He  can  select  a material  that  has 
tolerable  corrosion  resistance  in  a specific  environment  or  he  can 
modify  the  environment  such  that  a specific  material  will  have  tolerable 
corrosion  resistance.  The  corrosive  environment  is  not  limited  to  the 
chemical  composition  of  the  corroding  substance;  it  is  the  "universal 
environment,"  which  includes  all  corrosion-related  parameters.  The 
blofouling  specialist  likewise  has  only  two  basic  tools  at  his  disposal. 
Hi*  can  modify  the  environment  so  that  only  tolerable  levels  of  biofoul- 
int'  will  occur  or  he  cau  devise  methods  for  removing  biofouling  from  the 
surfaces  at  such  a rate  that  their  accumulation  is  tolerable.  Again, 
the  environment  in  this  case  is  the  "universal  environment,"  which 
includes  all  fouling-related  parameters. 
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This  document  will  l.iiuit  its  scope  to  the  effect  of  the  "universal 
environment"  on  corrosion  and  biofruling.  Since  this  "universal  envi- 
ronment" is  a function  of  system  design,  the  system  design  should  incor- 
porate, where  possible,  those  design  features  that  will  result  in  a 
"universal  environment"  which  is  compatible  with  the  materials  and 
operational  requirements  of  the  OTEC  plant. 

The  design  factars  that  influence  the  "universal  environment"  are, 
for  the  purposes  of  this  report,  divided  into  two  broad  categories: 
mechanic’ll  and  envi'  onmental . Mechanical  design  factors  are  the  combi- 
nation of  size,  shape,  location,  stress,  etc.,  which  influence  corrosion 
and  biofouling.  Environmental  design  factors  are  the  combination  of 
chemical  composition,  velocity,  flow  regime,  temperature,  pressure, 
etc.,  which  influence  corrosion  and  biofouling. 

The  design  engineer  will  find  that  this  document  does  not  give  many 
specific  design  recommendations.  However,  it  is  hoped  that  the  basic 
design  principles  described  here  can  be  applied  to  many  specific  consid- 
erations in  the  design  of  OTEC  systems  so  that  optimum  use  is  made  of 
the  existing  applicable  knowledge  of  the  influence  of  design  on  the 
control  of  biofouling  and  corrosion.  This  report  can  serve  as  a basis 
for  the  formulation  and  appraisal  of  proposed  OTEC  designs  with  respect 
to  avoiding  improper  features  and  taking  advantage  of  the  proper 
approaches  identified. 


IMPORTANCE  OF  CORROSION  CONTROL 

Good  corrosion  control  can  be  defined  as  the  achievement  of  an 
optimum  balance  between  initial  material  and  equipment  costs,  mainte- 
nance costs,  operational  requirements,  and  system  life.  Achieving  good 
corrosion  control  will  result  in  optimum  long-term  overall  system  effi- 
ciency. The  critical  requirements  for  good  corrosion  control,  or  per- 
haps more  appropriately  the  adverse  effect  of  poor  corrosion  control, 
varies  considerably  among  the  various  OTEC  subsystems. 

Heat  Exchangers 

The  heat  exchangers  for  the  evaporation  and  condensation  of  the 
working  fluid  are  probably  the  most  critical  subsystem  of  an  OTEC  plant. 
The  selection  of  materials  for  these  heat  exchangers  is  limited  by  the 
characteristics  of  the  working  fluid,  the  cost  of  the  materials,  and 
their  availability  in  the  massive  quantities  required.  Thus,  it  may  be 
necessary  to  specifically  design  the  corrosion  control  for  much  of  the 
OTEC  system  around  the  material  selected  for  the  heat  exchangers. 
Corrosion  of  heat  exchangers  is  a critical  problem  in  all  industrial 
plants,  but  is  a supercritical  problem  for  OTEC.  The  corrosivity  of 
seawater,  the  thin-walled  tubes  required  for  good  heat  transfer,  the 
large  surface  area  of  material  exposed  to  the  seawater,  and  the  adverse 
effects  of  mixing  seawater  with  the  working  fluid  all  contribute  to  the 
supercritical  nature  of  the  heat  exchanger  problem.  The  availability  of 
heat  exchanger  maintenance  may  be  limited,  unless  a large  number  of 
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small  units  are  used.  However,  a la^ge  number  of  small  units  would 
cause  problems  in  other  areas,  such  as  flow  distribution,  system  com- 
plexity, and  system  efficiency.  Thus,  heat  exchanger  maintenance  will 
be,  at  best,  a compromise. 

Auxiliary  Equipment 

The  corrosion  of  auxiliary  equipment,  such  as  pumps,  piping, 
valves,  turbines,  screens,  etc.,  is  somewhat  less  critical  than  '.he 
corrosion  of  heat  exchangers,  but  is  no  less  important.  Corrosion  of 
auxiliary  equipment  is  less  critical  primarily  because  there  are  fewer 
restrictions  on  material  selection  and  more  options  for  corrosion  con- 
trol methods.  Also,  the  scale-up  factor  between  existing  auxiliary 
equipment  and  the  size  of  equipment  required  for  OTEC  is  not  nearly  as 
large  as  the  scale-up  factor  for  heat  exchangers.  Design  for  corrosion 
control  of  these  systems,  although  perhaps  less  critical,  is  more  com- 
plex as  there  are  such  a large  number  of  variables  that  can  be  manipu- 
lated in  the  design.  The  possible  effects  of  system  contamination  due 
tc  corrosion  of  auxiliary  equipment  also  make  the  design  of  these 
systems  more  complex. 

Support  Platform 

Corrosion  of  the  support  platform  is  important,  but  is  much  more 
straightforward  than  for  the  other  systems.  This  is  because  of  the 
large  amount  of  experience  with  similar  systems  in  similar  environments. 
If  good  standard  practices  used  by  marine  architects  in  the  design  of 
large  ocean-going  ships  and  offshore  structures  are  applied  to  the 
design  of  the  OTEC  plant,  a reliable  and  efficient  support  platform  can 
be  built.  This  must  not  be  interpreted  to  indicate  the  design  of  corro- 
sion control  for  the  OTEC  support  platform  will  not  present  complex  and 
unique  problems;  only  that  these  problems  can  most  likely  be  solved  by 
the  application  of  well-known  corrosion  control  techniques. 


IMPORTANCE  OF  BIOFOULING  CONTROL 

As  for  corrosion  control  the  successful  control  of  biofouling  can 
be  defined  as  the  achievement  of  an  optimum  balance  between  initial 
material  and  equipment  costs,  maintenance  costs,  operational  require- 
ments, and  system  life.  Achieving  good  biofouling  control  will  result 
in  optimum  long-term  overall  system  efficiency.  It  should  be  re- 
emphasized that  biofouling  control  is  not  biofouling  prevention  or 
elimination.  Biofouling  control  is  simply  the  capability  of  limiting 
biofouling  accumulations  to  levels  that  can  be  operationally  tolerated. 
The  amount  of  biofouling  accumulations  that  can  be  tolerated  in  the 
various  OTEC  subsystems  varies  considerably.  Thus,  the  requirements  and 
techniques  for  biofouling  control  will  vary  considerably  among  these 
subsystems . 
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Heat  Exchangers 

As  the  heat  exchangers  for  evaporation  and  condensation  of  the 
working  fluid  in  an  OTEC  plant  must  transfer  a large  amount  of  heat  at 
very  low  temperature  gradients,  the  presence  of  even  thin  films  on  the 
heat  exchanger  surfaces  will  seriously  degrade  heat  exchanger  perfor- 
mance. The  presence  of  macrofouling  organisms  in  the  heat  exchangers  is 
important  because  of  clogging,  crevice,  and  turbulence  effects.  Macro- 
fouling  is,  however,  not  the  critical  problem.  Even  the  thin,  soft 
films  of  microfouling  are  sufficient  to  cause  enough  degradation  in  heat 
exchanger  efficiency  to  seriously  affect  the  OTEC  power  cycle.  (See  p 
32  for  detailed  explanation.)  Because  the  control  of  microfouling 
usually  results  in  the  control  of  macrofouling,  microfouling  control 
will  be  the  key  factor  in  biofouling  control  of  OTEC  heat  exchangers. 

The  evaporators  in  an  OTEC  plant  will  utilize  warm,  oxygen-rich  and 
biologically  active  surface  waters,  while  the  condensers  will  use  cold, 
oxygen-poor,  nutrient-rich,  biologically  less  active  waters  from  depths 
of  600  meters  (2,000  ft)  or  more.  Because  the  evaporator  and  condenser 
will  operate  with  seawater  of  different  chemical,  physical,  and  biofoul- 
ing characteristics,  it  is  probable  that  the  most  effective  biofouling 
control  techniques  will  be  different  for  these  subsystems.  It  has  been 
assumed,  but  not  necessarily  proven,  that  biofouling  of  the  condensers 
will  be  less  of  a problem  than  biofouling  of  the  evaporators.  Although 
this  may  not  be  the  case,  it  is  certain  that  the  biofouling  control  for 
each  of  the  systems  should  be  approached  with  these  potential  differ- 
ences in  mind. 

Auxiliary  Equipment 

The  biofouling  of  auxiliary  equipment,  such  as  pumps,  piping, 
valves,  screens,  etc.,  has  a less  immediate  impact  on  the  operation  of 
an  OTEC  plant  than  biofouling  of  the  heat  exchangers,  but  it  must  be 
considered  in  order  to  obtain  efficient  long-term  operation.  Macrofoul- 
ing will  probably  be  the  major  factor  in  biofouling  of  auxiliary  OTEC 
equipment,  because  this  type  of  equipment  usually  has  a high  tolerance 
for  microfouling.  Macrofouling,  however,  can  cause  restriction  of  fluid 
flow,  turbulence,  and  other  problems  in  piping  systems.  It  can  also 
cause  restriction,  clogging,  or  jamming  of  valves,  screens,  and  pumps; 
particularly  when  they  are  operated  intermittently.  The  mass  cf  macro- 
fouling accumulations  can  even  cause  problems  in  rotating  machinery  due 
to  an  increase  in  rotating  mass  or  an  imbalance  condition. 

The  control  of  biofouling  in  the  auxiliary  equipment  of  an  OTEC 
plant  may  be  in  some  ways  more  difficult  than  biofouling  control  for  the 
heat  exchangers.  Due  to  the  wide  variety  of  auxiliary  equipment  and 
biofouling  control  requirements  and  techniques  applicable  to  each  compo- 
nent, the  implementation  of  an  overall  biofouling  control  program  for 
the  auxiliary  equipment  will  be  complex. 
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Support  Platform 

Biofouling  of  the  support  platform  will  have  little  immediate 
effect  on  the  operation  of  an  OTEC  plant;  however,  long-term  effects  may 
be  significant.  The  increased  drag  of  the  platform  due  to  biofouling 
will  result  in  increased  power  requirements  for  relocation  or  dynamic 
station  keeping.  If  the  plant  is  moored,  the  forces  on  the  mooring 
system  could  significantly  increase  due  to  increased  drag.  The  mass  of 
fouling  accumulations  can  also  change  draft  and  trim  of  the  support 
platform.  Biofouling  of  the  support  platform  can  also  cause  clogging  of 
seawater  intakes  and  other  through-hull  connections. 

While  the  biofouling  of  an  OTEC  support  platform  will  be  similar  to 
that  encountered  on  large  ships  and  fixed  ocean  platforms,  there  are 
significant  differences  between  the  operation  of  OTEC  and  existing  ships 
and  platforms  that  may  lead  to  significant  differences  in  biofouling  and 
biofouling  control  requirements.  Ships  normally  operate  at  significant 
velocities  in  the  open  ocean  and  are  normally  at  rest  in  harbors  that 
are,  to  some  extent,  polluted  and  are  not  typical  of  the  open  ocean. 
Because  of  high  fuel  costs,  the  drag  induced  by  biofouling  is  a signifi- 
cant factor  in  the  economy  of  ship  operation;  therefore,  biofouling  is 
controlled  at  low  levels.  The  significance  of  biofouling  on  the  opera- 
tion of  fixed  ocean  platforms  is  much  less  than  that  for  ships,  so  it  is 
normally  not  controlled.  OTEC  platforms  will  operate  at  very  low  veloc- 
ities in  the  open  ocean  but,  as  discussed  above,  the  effect  of  biofoul- 
ing on  the  OTEC  platform  may  be  significant.  Thus,  biofouling  control 
for  the  OTEC  support  platform  must  be  based  upon  existing  experience 
with  biofouling  of  similar  structures.  However,  this  experience  is  not 
directly  applicable  and  must  be  adapted  to  unique  OTEC  plant  operations 
and  requirements. 


DESIGN  FACTORS  INFLUENCING  CORROSION 

The  "universal  environment"  experienced  by  a metal  will  determine 
its  corrosion  behavior.  By  avoiding  those  design  features  t':at  lead  to 
an  aggressive  "universal  environment,"  the  corrosion  of  an  OTEC  plant 
can  be  significantly  reduced.  Proper  design,  combined  with  other  corro- 
sion control  measures,  will  result  in.  an  OTEC  plant  with  optimum  resis- 
tance to  deterioration. 

The  design  factors  that  influence  the  "universal  environment"  can 
be  divided  into  two  broad  categories:  mechanical  and  environmental. 
Factors  discussed  under  these  broad  categories  often  have  significant 
effects  on  the  various  forms  of  corrosive  attack  discussed  in  the 
Appendix.  If  the  acceptable  forms  and  rates  of  attack  and  the  design 
factors  influencing  them  are  considered,  most  adverse  conditions  can  be 
avoided. 
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Mechanical  Design  Factors 

Mechanical  design  factors  are  those  conditions  of  the  metal  sub- 
strate that  influence  the  "universal  environment"  and,  thus,  the  corro- 
sion behavior  of  the  metal.  This  influence  may  be  direct,  as  in  the 
case  of  the  effect  of  induced  stress  on  stress  corrosion  cracking,  or  it 
may  be  indirect,  as  in  the  case  of  the  effect  of  equipment  layout  on 
maintainability  and,  thus,  tolerance  of  corrosion. 

Geometry  and  Orientation.  The  broadest  c tegory  of  mechanical 
design  factors  that  influence  corrosion  is  geometry.  By  proper  control 
of  geometry  a given  material  can  be  allowed  to  exhibit  its  best  corro- 
sion resistance.  All  alloys  can  be  made  to  corrode  if  the  proper,  or 
rather,  improper,  conditions  of  exposure  are  present.  If  the  conditions 
under  which  a given  alloy  is  susceptible  to  corrosion  are  known,  these 
conditions  can  be  avoided  or  controlled. 

Certain  basic  principles  of  corrosion  can  be  applied  to  the  selec- 
tion of  proper  geometry  for  a given  function  and  material.  The  first  of 
these  principles  is  that  any  difference  in  condition  between  different 
areas  on  a given  member  can  lead  to  accelerated  attack  by  a differential 
environment  cell.  These  differences  can  be  direct,  such  as  bimetallic 
or  multimetallic  connections,  or  they  can  be  subtle,  such  as  in  attack 
due  to  crevices. 

Whenever  two  or  more  dissimilar  metals  are  placed  in  electrical 
contact  and  exposed  to  a conductive  environment,  intolerable  galvanic 
attack  may  occur.  Therefore,  its  effect  must  be  carefully  considered. 
Several  basic  factors  control  the  direction  and  magnitude  of  galvanic 
attack  which  will  occur  in  such  a couple.  The  first  is  the  position  of 
the  material  on  the  electrochemical  potential  scale  for  the  exposure 
conditions.  Such  a list  is  given  in  Table  1.  This  so-called  "Galvanic 
Series"  has  been  developed  from  many  experiments  and  experiences  with 
bimetallic  couples  in  seawater.  Materials  listed  near  the  top  of  the 
series  are  active,  or  anodic,  with  respect  to  the  more  noble,  or  cath- 
odic, materials  below  them  on  the  list.  In  general,  the  greater  the 
separation  be  .ween  the  alloys  on  the  list,  the  more  severe  the  galvanic 
attack  on  the  anodic  material  will  be.  This  galvanic  series  is  for 
surface  seawater  and  is  directly  applicable  only  in  that  environment. 
Considerable  deviation  from  this  series  is  possible  in  environments 
significantly  different  than  surface  seawater.  Galvanic  series  for 
these  other  environments  are  generally  not  well  developed;  they  remain 
to  be  developed  from  related  experience  or  experiment. 

The  actual  rate  of  galvanic  attack  is  dependent  on  many  undeter- 
mined factors,  and,  thus,  a specific  rate  of  attack  cannot  be  predicted. 
However,  several  geometric  factors  can  be  manipulated  to  minimize  the 
adverse  effects  of  galvanic  coupling.  The  first  of  these  is  area  ratio. 
The  most  severe  galvanic  attack  will  occur  when  the  exposed  area  of  the 
cathodic  material  is  large  with  respect  to  the  exposed  area  of  anodic 
material.  Even  when  the  materials  involved  in  the  couple  are  fairly 
close  in  the  galvanic  series,  the  rate  of  galvanic  corrosion  can  be  high 
if  the  area  ratio  is  adverse.  Thus,  it  is  good  design  practice  to  avoid 
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galvanic  couples  where  possible  and,  when  they  cannot  be  avoided,  to 
make  the  exposed  anodic  area  large  with  respect  to  the  exposed  < ’thodic 
area.  A typical  case  where  adverse  anode/cathode  area  ratios  ' inad- 
vertently designed  into  a system  is  when  an  innocuous  galvani<  e is 
improperly  coated.  Uninformed  logic  would  indicate  that  the  ' cor- 
rodable  material  could  be  left  bare  while  the  more  corrcdabli  ^rial 
should  be  coated.  When  coating  defects  occur  on  the  coated  a , then 
a small  anode/large  cathode  situation  occurs.  Thus,  when  ting  a 
galvanic  couple,  coat  both  materials  or  coat  the  cathode  only.  To  coat 
the  anode  only  is  to  invite  rapid  attack. 

Galvanic  effects  can  be  used  to  advantage  in  many  applications. 
When  a critical  system  component  is  relatively  small  it  can  be  fabri- 
cated from  a material  that  is  cathodic  to  the  material  from  which  the 
bulk  of  the  system  is  fabricated.  Thus,  the  critical  component  will 
receive  cathodic  protection  from  the  bulk  of  the  system.  The  accelera- 
tion of  corrosion  of  the  relatively  large  exposed  area  of  the  bulk 
system  will  be  minimal.  This  technique  is  commonly  applied.  Examples 
are  cathodic  "trim"  seats,  discs  and  stems  of  valves  having  anodic 
bodies,  and  cathodic  impellers,  shafts  and  wear  rings  of  pumps  with 
anodic  casings. 

An  additional  factor  influencing  the  rate  of  galvanic  attack  is 
external  circuit  electrical  resistance.  As  shown  in  Figure  1,  a gal- 
vanic cell  is  essentially  a battery/load  system.  When  the  intermetallic 
resistance,  R^,  or  the  environmental  resistance,  R^,  is  raised,  the 
current  flow,  I , is  lowered,  thus  reducing  the  amount  of  galvanic 
corrosion.  Thus,  the  distance  between  the  active  members  of  a couple 
should  be  maximized  when  possible.  Also,  insulating  or  high  resistance 
bushings,  etc.,  can  reduce  or  eliminate  galvanic  corrosion. 

Concentration  cell  corrosion  is  similar  to  galvanic  corrosion  in 
that  it  is  a result  of  an  electrochemical  Jlfference  between  electri- 
cally connected  portions  of  a member.  However,  in  concentration  cells 
this  electrochemical  difference  is  due  to  a difference  in  environment 
rather  than  a difference  in  substrate  composition.  In  seawater,  the 
most  common  form  of  concentration  cell  attack  is  crevice  corrosion.  In 
this  form  of  attack,  seawater  is  trapped  within  small  gaps  and  stag- 
nates. Either  the  consumption  of  a constituent  of  the  solution,  such  as 
oxygen,  or  the  buildup  of  a substance,  such  as  a metal  ion,  leads  to  a 
significant  difference  in  environment  between  the  inside  of  the  crevice 
and  the  outside.  According  to  LaQue  (Ref  1,  p 39),  metals  near  the  top 
of  the  galvanic  series,  such  as  iron,  tend  to  crevice  corrode  by  the 
oxygen  starvation  type  of  attack,  while  materials,  such  as  copper  (low 
on  the  galvanic  series),  tend  to  crevice  corrode  by  the  metal  ion  con- 
centration type  of  attack.  Alloys  near  the  middle  of  the  galvanic 
series,  such  as  the  copper-nickel  alloys,  are  less  susceptible  to  crev- 
ice attack.  Alloys,  such  as  stainless  steels,  which  exhibit  a more 
noble  potential  than  their  constituents,  are  often  particularly  sensi- 
tive to  oxygen  starvation  attack. 
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Tabic  t.  Galvanic  Series  in  Surface  Seawater 


More  Active  (anodic  material) 


More  Passive  (noble  or  cathodic  material) 


t 


NOTE:  In  general,  the  greater  the  separation 
between  alloys,  the  more  severe  the  galvanic 
attack  will  be  on  the  anodic  material. 


Magnesium 

High  Purity  Aluminum 
Zinc 

Galvanized  Steel  (New) 

Aluminum  Alloy  S0S2 
Alclad  Aluminum  (X7002) 
Aluminum  Alloy  3003 
Aluminum  Alloy  6061-T6 
Aluminum  Alloy  7079-T6 
Aluminum  Alloy  2024 
Cadmium 

Cadmium  Coated  Steel  (New) 

Mild  Steel 
Wrought  Iron 
Alloy  Steel 
Cast  Iron 

Ni-Resist  Cast  Iron 
Monel  Alloy  400  (active) 

Stainless  Steel  410  (active) 

Stainless  Steel  430  (active) 

Solder  (60%  P6  - 40%  Sn) 

Stainless  Steel  304  (active) 

Stainless  Steel  316  (active) 

Stainless  Steel  Alloy  2l)-Cb  (active) 

l-ead 

Tin 

Muntz  Metal 
Manganese  Bronze 
Naval  Brass 
Nickel  (active) 

Inconel  6u0  (active) 

Yellow  Brass 

Aluminum  Bronze 

Red  Brass 

Copper 

Silicon  Bronze 

Nickel  Silver 

Cupro-Nickel  95-5 

Cupro-Nickel  90-10 

Cupro-Nickel  80-20 

Cupro-Nickel  70-30  low  Fe 

Cupro-Nickel  70-30  high  Fc 

G-Bronze 

M-Bronze 

Nickel  (passive) 

Inconel  600  (passive) 

Silver  Solder 
Monel  (passive) 

Stainless  Steel  410  (passive) 
Stainless  Steel  430  (passive) 
Stainless  Steel  304  (passive) 
Stainless  Steel  316  (passive) 
Stainless  Steel  Alloy  20-Cb  (passive) 
Stainless  Steel  A 16X 
Silver 

Inconel  625 

llastelloy  C 

Titanium 

Graphite 

Gold 

Platinum 
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The  most  reliable  technique  for  avoiding  crevice  corrosion  is  to 
avoid  crevices.  Crevices  from  bolted  or  riveted  joints  (Ref  2,  p 17), 
gasketed  joints  (Ref  1,  p 164),  discontinuous  welds  or  welds  without 
full  penetration  (Ref  2,  p 17)  as  well  as  other  situations  where  solu- 
tions can  be  trapped  or  held  should  be  avoided  where  materials  suscepti- 
ble to  crevice  corrosion  are  used.  Good  design  practice  for  OTEC 
systems  is  to  use  continuous,  full  penetration  welds  wherever  possible. 
When  bolted  or  other  lap  type  joints  are  required,  a nonwater  abr.rbing 
gasket  materia . (Ref  2,  p 20)  should  be  placed  between  the  mating  sur- 
faces. When  such  gaskets  are  used,  they  should  be  carefully  sized  and 
placed  in  order  to  avoid  aggravating  crevice  attack  (Ref  3,  p 10.16). 
The  effect  of  a poor  gasket  fit  is  shown  in  Figure  2.  Nonwater  absorb- 
ing caulking  materials,  such  as  silicone  rubber,  can  also  be  used  to 
seal  crevices  when  the  crevices  cannot  be  avoided.  Such  gasket  design 
features  cannot  prevent  crevice  attack  on  vulnerable  materials,  such  as 
mosr  stainless  steels  and  some  copper  alloys.  Special  attention  should 
be  given  to  all  joints  of  this  type  to  avoid  crevice  attack  by  using 
nonvulnerable  materials  or  proper  sealants,  or  by  substituting  an  alter- 
native connection  method. 

Another  concentration  cell  related  type  of  attack  is  caused  by 
surface  contamination.  The  accumulation  of  sediments,  corrosion  prod- 
ucts, or  other  contaminants  on  metal  surfaces  often  leads  to  concentra- 
tion cell  type  attack  (Ref  3,  p 10.16).  A system  that  is  clean,  will 
remain  clean,  or  can  be  easily  cleaned  will  be  more  corrosion  free  than 
a system  that  will  accumulate  and  hold  contaminants  (Ref  2,  p 15). 
There  are  a multitude  of  structure  geometries  that  can  lead  to  the 
trapping  and  holding  of  contaminants.  Figures  3 (Ref  3,  p 10.15)  and  4 
(Ref  2,  p 25)  show  typical  situations  where  contaminant  trapping  is 
likely  and  recommended  alternative  practice. 

Interfaces  between  gases  and  liquids,  such  as  is  present  in  par- 
tially filled  tanks,  are  frequently  the  site  of  corrosion  (Ref  2,  p 27). 
Piping  and  tanks  should  be  designed  so  that  they  are  completely  full  of 
either  liquid  or  gas.  Figure  5 shows  typical  situations  of  this  type 
and  recommended  alternative  practice. 

Erosive  damage  can  also  occur  from  vapor  impingement,  especially  if 
droplets  of  condensed  liquid  ate  present.  Proper  baffling  of  the  vapor 
stream  can  be  used  to  prevent  this  type  of  attack. 

In  general,  smooth  flow  conditions  in  piping  systems  are  desirable 
to  reduce  corrosion  due  to  impingement  and  other  forms  of  turbulence- 
related  attack.  Desirable  piping  designs,  such  as  those  shown  in 
Figure  6 (Ref  2,  p 29),  should  be  used  whenever  practical. 

Dead  ends,  where  stagnation  can  occur,  should  be  avoided  whenever 
possible.  When  they  cannot  be  avoided,  the  dead  end  should  enter  from 
the  top  of  a line  or  tank  in  order  to  minimize  contaminant  buildup 
(Ref  2,  p 27).  The  placement  of  valves  in  horizontal  runs  of  piping 
rather  than  in  vertical  runs  also  minimizes  corrosion  from  this  effect 
(Ref  2,  p 27). 

Structural  geometry  also  affects  the  performance  of  protective 
coatings.  Sharp  corners  are  to  be  particularly  avoided  on  structures 
that  are  to  be  painted.  In  Figure  7 the  effect  of  sharp  corners  on 
coating  thickness  is  shown  (Ref  3,  p 10.22). 
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Figure  3.  Structural  member  effects. 
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Figure  4. 


Surface  orientation  with  respect  to  the  horizontal  also  has  an 
effect  on  corrosion.  This  is  primarily  due  to  the  accumulation  of 
corrosion  products  or  sediments  on  the  upper  side  of  horizontal  sur- 
faces. Proper  system  geometry  that  minimizes  contamination  due  to 
accumulation  of  co:  rosion  products  and  sediments  and  maximizes  the 
maintainability  and  cleanability  of  these  surfaces  will  minimize  the 
adverse  effects  of  surface  orientation. 

Other  geometry-related  design  factors  should  be  considered  in  the 
design  of  OTEC  systems.  Such  an  example  is  the  possibility  of  corrosion 
fatigue  induced  by  structural  vibration  (Ref  4,  p 163).  In  general,  a 
simple  design  is  preferable  to  a complex  one.  This  includes  the  reduc- 
tion of  the  number  of  structural  members  whenever  possible,  particularly 
in  areas  where  corrosion  is  a problem.  Redundant  members  in  a corrosive 
zone  usually  only  result  in  redundant  failures  rather  than  in  added 
safety.  A simple  design,  easy  to  maintain  and  repair,  which  avoids 
dissimilar  metal  connections,  crevices,  etc.,  will  maximize  the  service 
life  of  properly  selected  materials. 

Layout . The  layout  of  equipment  in  an  OTEC  plant  will  have  little 
direct  effect  on  the  corrosion  of  the  equipment.  However,  the  indirect 
effects  on  service  life  can  be  significant.  The  most  important  factor 
in  the  relationship  between  layout  and  service  life  is  cleanability  and 
maintainability.  A system  that  is  easy  to  clean  and  maintain  will 
normally  receive  more  frequent  and  thorough  care  than  a system  that  is 
difficult  to  maintain.  Convenient  access  to  maintenance  points  is 
primarily  a function  of  layout  and  is  an  important  design  factor. 
Convenient  access  to  and  ease  of  replacement  of  failure-prone  components 
will  also  reduce  system  downtime  and  unexpected  failures.  For  equipment 
that  must  be  drained  for  cleaning  and  maintenance,  proper  geometry  such 
as  that  indicated  in  the  previous  section  will  allow  for  complete  drainage 
and  easy  flushing  of  cleaning  residues. 

Not  only  is  easy  access  to  equipment  important  for  cleaning  and 
maintenance,  but  it  is  also  important  in  order  to  be  able  to  properly 
inspect  and  assess  the  equipment  or  structure  for  cleaning,  maintenance 
repair,  or  replacement.  Proper  cleaning  and  maintenance  schedules  can 
often  only  be  derived  from  the  results  of  thorough,  carefully  planned 
inspections.  Proper  inspections  also  have  the  beneficial  effect  of 
reducing  downtime  due  to  unexpected  failures. 

One  possible  direct  effect  of  equipment  layout  on  corrosion  is  that 
of  metal  ion  contamination.  Metal  ion  contamination  of  the  environment 
can  significantly  accelerate  the  corrosion  of  some  materials,  especially 
aluminum  alloys.  Even  very  small  amounts  of  copper  from  the  corrosion 
of  copper-containing  alloys  will  deposit  on  the  surfaces  of  aluminum 
al’oys  and  result  in  rapid  attack  of  the  aluminum  (Ref  1,  p 19).  This 
effect  can  be  prevented  by  eliminating  the  source  of  metal  ions  or  by 
locating  the  equipment  such  that  the  copper  ions  are  produced  downstream 
of  the  aluminum  alloy  components.  Thus,  if  flow  is  maintained,  the 
copper  salts  will  not  contact  the  aluminum  alloys.  Another  potential 
source  of  copper  salts  are  the  cop 'er-containing  antifouling  coatings; 
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these  coatings  should  be  avoided  on  aluminum  structures  (Ref  1,  p 19). 
Other  metal  ion  contamination  problems  exist  with  mercury  and  aluminum, 
and  mercury  and  copper. 

In  some  cases,  the  effect  of  dissolved  metal  salts  can  be  benefi- 
cial. Iron  salts  can  reduce  the  corrosion  of  certain  copper  alloys 
(Ref  5).  Also,  corrosion  products  from  aluminum  and  zinc  have  been 
reported  to  have  certain  beneficial  effects  on  the  corrosion  of  steel 
(Ref  6), 

Surface  Finish.  No  studies  of  the  effect  of  surface  finish  on  the 
behavior  of  metals  in  seawater  were  located  in  the  literature  survey 
performed  for  this  report.  However,  surface  finish  can  be  expected  to 
have  some  effect  on  the  corrosion  behavior  of  some  materials.  Materials 
susceptible  to  crevice  corrosion  will  probably  suffer  more  extensive 
attack  when  exposed  in  a mechanically  roughened  condition.  This  is  due 
to  the  large  number  of  crevices  formed  during  the  roughening  process. 
This  is  similar  to  the  adverse  effects  of  sheared  edges  on  the  corrosion 
behavior  of  similar  materials  (Ref  7,  p 89). 

Another  effect  not  directly  related  to  surface  finish,  but  with  a 
similar  result  to  the  effect  of  sheared  edges  is  the  orientation  of  the 
exposed  grain  on  corrosion  behavior.  Most  materials  are  anisotropic  in 
both  their  mechanical  and  chemical  behavior.  Some  aluminum  alloys  are 
particularly  anisotropic  in  their  corrosion  behavior  (Ref  8).  In  these 
alloys,  corrosion  attack  is  many  times  greater  in  the  longitudinal 
direction  (parallel  to  grain  orientation)  than  in  the  transverse  direc- 
tion (perpendicular  to  grain  orientation).  An  extreme  example  of  this 
form  of  attack  is  the  exfoliation  attack  noted  on  some  very  high 
strength  aluminum  alloys  (Ref  7,  p 190);  the  corrosion  products  exert 
sufficient  pressure  to  delaminate  the  material,  resulting  in  catastroph- 
ic attack. 

Stress . Tensile  stresses  below  the  level  required  for  plastic 
deformation  of  the  metal,  or  surface  films  (such  as  mill  scale  or  pro- 
tective corrosion  products)  do  not  change  the  rate  of  general  corrosion 
of  metals  exposed  to  seawater  (Ref  9,  p 236).  The  presence  of  a corro- 
sive agent,  such  as  seawater,  can,  however,  significantly  reduce  the 
load-carrying  capability  of  metals,  even  when  no  significant  general 
attack  occurs.  Also,  a given  amount  of  corrosion  damage  on  a highly 
stressed  member  will  usually  have  more  serious  consequences  than  the 
same  amount  of  damage  on  a member  with  lower  applied  stress. 

The  reduction  of  the  ability  of  a member  to  sustain  a static  stress 
when  exposed  to  a corrosive  environment  is  defined  as  stress  corrosion 
cracking.  While  the  mechanism  of  this  phenomenon  is,  at  best,  poorly 
understood,  the  effects  of  a given  corrosive  environment  on  the  static 
load-carrying  capacity  of  a given  material  can  be  well  defined  by  the 
use  of  fracture  mechanics.  As  all  engineering  structures  contain  flaws, 
test  results  of  stress  corrosion  cracking  coupled  with  fracture  mechan- 
ics can  be  used  to  determine  the  maximum  flaw  size  that  can  be  tolerated 
in  a given  material  and  to  define  the  level  of  inspection  required  to 
locate  flaws  of  this  critical  size. 
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The  following  materials  are  recognized  to  be  susceptible  to  stress 
corrosion  cracking  in  marine  environments  (Ref  10,  p 3). 

1.  High  strength  steels 

2.  Austenitic  stainless  steels 

3.  Precipitation-hardened  stainless  steels 

4.  Quenched  and  tempered  Martensitic  stainless  steels 

5.  High  strength  titanium  alloys 

6.  High  strength  aluminum  alloys 

7.  Copper  zinc  alloys  (brasses) 

8.  Aluminum  bronzes 

9.  Manganese  bronzes 

The  susceptibility  of  high  strength  steels  to  stress  corrosion  cracking 
is  related  to  the  strength  of  the  material.  For  a given  alloy  composi- 
tion, the  higher  the  strength  level,  the  greater  the  susceptibility  to 
stress  corrosion  cracking.  Stress  corrosion  cracking  is  the  principal 
limiting  factor  in  the  strength  level  of  steels  that  can  be  used  safely 
in  seawater  (Ref  1,  p 216).  Austenitic  stainless  steels  are  susceptible 
to  stress  corrosion  cracking  in  seawater  when  they  have  become  sensi- 
tized to  intergranular  corrosion  by  improper  heat  treatment  or  improper 
welding  techniques  (Ref  1,  p 221).  The  avoidance  of  sensitization  by 
hear  treatment  or  alloy  additions  is  well  documented  (Ref  11)  and  can 
essentially  eliminate  this  form  of  attack.  Austenitic  stainless  steels 
can  suffer  stress  corrosion  crackiwg  in  seawater  even  when  not  sensi- 
tized if  the  temperature  of  the  seawater  is  above  about  140°F  and  there 
is  an  opportunity  for  concentrations  of  chlorides  in  crevices,  in  splash 
areas,  or  under  insulation.  These  critical  conditions  should  not  be 
encountered  in  OTEC  components  operating  well  below  140°F.  The  resis- 
tance of  austenitic  stainless  steels  to  stress  corrosion  cracking  is 
influenced  also  by  alloy  composition.  A high  nickel  content  is  espe- 
cially desirable.  The  25%  nickel  content  of  A16X  alloy  is  high  enough 
to  prevent  stress  corrosion  cracking  under  OTEC  conditions. 

The  precipitation  hardening  stainless  steels  are  also  susceptible 
to  stress  corrosion  cracking.  The  susceptibility  of  these  alloys  is,  as 
for  the  alloy  steels,  a function  of  the  strength  level.  Alloys  heat- 
treated  to  high  strength  levels,  particularly  when  age-hardened  at 
temperatures  below  about  1,000°F,  are  most  susceptible  (Ref  7,  p 134). 

The  quenched  and  tempered  martensitic  stainless  steels  when  hard- 
ened above  about  32  Rockwell  C are  susceptible  to  stress  corrosion 
cracking  in  seawater  (Ref  12,  p 33). 

The  stress  corrosion  behavior  of  titanium  alloys  in  seawater  is 
well  documented  (Ref  7,10,13-17).  The  incidence  of  stress  corrosion 
cracking  of  titanium  alloys  in  marine  service  has  been  low  because  of 
the  us ~ of  resistant  alloys,  the  low  stress  levels  encountered,  the 
knowlr  .ud  from  earlier  failures,  and  the  application  of  the  results  of 


laboratory  studies.  Future  failures  can  be  avoided  by  the  use  of  alloys 
known  to  be  resistant  to  this  form  of  attack  under  the  conditions  of 
exposure  (Ref  15,  pp  1-2). 

Aluminum  alloys,  particularly  the  high  strength  alloys,  are  also 
susceptible  to  stress  corrosion  cracking  in  seawater  (Ref  1,7,18,19). 
As  is  the  case  for  titanium  alloys,  only  those  aluminum  alloys  that  have 
been  found  to  be  resistant  to  stress  corrosion  cracking  in  seawater 
should  be  used  in  applications  where  stress  corrosion  cracking  would 
result  in  component  failure. 

Copper  zinc  alloys  are  susceptible  to  stress  corrosion  cracking  in 
seawater  (Ref  1,  p 223).  The  presence  of  ammonia,  even  in  very  small 
concentrations,  greatly  increases  the  severity  of  this  attack  (Ref  20,  p 
147) . 

The  90:10  copper-nickel  candidate  alloy  CA706  is  not  susceptible  to 
stress  corrosion  cracking  in  seawater  or  in  ammonia-contaminated  sea- 
water. 

Aluminum  bronzes  are  also  susceptible  to  stress  corrosion  cracking 
in  seawater.  Heat  treatment  or  nickel  additions  can  effectively  elimi- 
nate this  effect  (Ref  1,  p 223).  Ammonia  also  can  be  expected  to  accel- 
erate this  attack. 

Careful  consideration  mu?  be  given  to  the  use  of  alloys  in  an  OTEC 
plant  that  are  susceptible  to  stress  corrosion  cracking.  Unless  further 
testing  shows  the  material  to  be  suitable,  it  should  not  be  used  in  an 
OTEC  plant.  Usually  the  stresses  induced  during  fabrication  of  a struc- 
ture are  as  serious  in  leading  to  stress  corrosion  cracking  as  are 
applied  loads  (Ref  19,  p 18). 

The  reduction  of  the  ability  of  a member  to  sustain  a dynamic 
stress  when  exposed  to  a corrosive  environment  is  defined  as  corrosion 
fatigue  (Ref  21,  p 148).  The  combined  effect  of  corrosion  and  fatigue 
produces  an  adverse  cojoint  action  that  leads  to  premature  failure 
(Ref  22,  p 1).  Any  material  that  is  subject  to  corrosion  in  seawater 
will  be  affected  by  corrosion  fatigue  to  a greater  or  lesser  vxtent. 
Corrosion  fatigue  test  data,  preferably  coupled  with  actual  service 
experience  in  seawater,  must  be  considered  to  predict  the  service  life 
of  materials  under  the  conditions  of  cyclic  loading  expected  in  an  OTEC 
application. 

Cathodic  Protection.  Cathodic  protection  can  reduce,  or  in  some 
cases  eliminate,  corrosion  of  materials  in  seawater.  While  the  design 
of  cathodic  protection  systems  is  outside  the  scope  of  this  report, 
several  factors  in  overall  system  design  can  affect  the  applicability  of 
cathodic  protection.  A system  that  is  designed  according  to  the  princi- 
ples outlined  earlier  will  not  only  result  in  a system  that  is  inherent- 
ly more  corrosion-resistant,  but  it  will  also  result  in  a system  that  is 
easier  to  cathodically  protect. 

In  general,  cathodic  protection  can  be  applied  easily  to  external 
surfaces  of  components  continuously  immersed  in  an  electrolyte,  such  as 
seawater.  The  more  complex  the  surface  geometry,  the  more  difficult  the 
design  of  the  cathodic  protection  system  will  be.  The  internal  portions 
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of  large  tanks,  condenser  waterboxes,  pipes,  etc.,  can  be  cathodically 
protected.  The  internal  surfaces  of  small  diameter  tubes  can  be  cathod- 
ically protected  if  there  is  no  fluid  flow  in  the  tubes  (Ref  23). 

Specific  criteria  for  cathodic  protection  of  large  steel  structures 
are  well  defined  (Ref  24-28).  Specific  criteria  for  cathodic  protection 
of  some  stainless  steels,  copper  alloys,  aluminum  alloys,  and  nickel 
alloys  have  been  developed  (Ref  28-32),  but  they  have  not  been  validated 
to  the  extent  of  the  criteria  for  protection  of  steel  structures. 

Protective  Coatings.  Protective  coatings  are  widely  used  in  the 
marine  industry  to  mitigate  corrosion  of  structures  and  equipment.  For 
equipment  exposed  to  the  marine  atmosphere,  protective  coatings  can 
provide  long-lasting  protection,  if  they  are  properly  selected  and 
properly  applied  to  well-designed  structures.  Good  design  practices,  as 
outlined  previously,  allow  for  easy  access  for  metal  preparation  and 
coating  application,  and  for  periodic  inspection  and  maintenance. 
Simple  designs  with  rounded  corners  allow  for  uniform  application  of  the 
selected  coatings.  It  must  be  remembered  that  all  protective  coatings 
will  contain  defects,  and  that  the  coatings  will  deteriorate  with  time. 
Thus,  unless  additional  protection  is  provided,  corrosion  will  occur  at 
coating  defects.  This  is  of  particular  concern  on  alloys  that  corrode 
nonuni formly . 

Protective  coatings  on  submerged  surfaces  often  serve  a dual  or 
treble  purpose.  Ths  primary  objective  of  applying  the  coating  is  to 
isolate  the  environment  from  the  metal  and,  thus,  eliminate  corrosive 
attack.  However,  with  simple  and  always  imperfect  barrier  coatings, 
corrosion  will  continue  at  the  coating  defects  at  least  at  its  normal 
rate.  When  a barrier  coating  is  combined  with  a cathodic  protection 
system,  a dual  benefit  is  achieved.  The  cathodic  protection  system 
needs  only  to  protect  the  areas  where  coating  defects  or  deterioration 
have  exposed  the  underlying  material.  While  there  is  considerable 
controversy  over  the  economic  merits  of  the  combination  of  these  two 
protective  systems,  it  is  generally  recommended  that  cathodic  protection 
of  large,  submerged  surfaces  should  be  coupled  with  a protective  coating 
system  (Ref  28,  p 135).  Cathodic  protection  also  generally  increases 
the  life  of  protective  coatings  by  reducing  undercutting  and  lifting  due 
to  substrate  corrosion.  Protective  coatings  also  can  be  formulated  with 
poisonous  compounds  to  reduce  or  eliminate  biofouling  of  the  submerged 
surfaces . 

Inorganic  coatings  (such  as  the  zinc-rich  paints),  hot-dip  galva- 
nizing (zinc  coating),  and  aluminizing  are  also  useful  methods  for 
protecting  steel  and  other  metals  when  submerged  in  seawater  (Ref  1,  p 
296). 

Cleaning  Systems.  It  is  generally  accepted  that  a clean  system 
will  be  less  subject  to  corrosive  attack  than  a system  in  which  sediment 
and  debris  are  allowed  to  accumulate.  A well-designed  system  will  tend 
to  remain  cleaner  for  a longer  period  than  a poorly  designed  system. 
Eventual  accumulation  of  debris  or  biofouling  is  inevitable  in  a sea- 
water environment,  and  some  critical  systems  'will  require  periodic  or 
even  continuous  cleaning  in  order  to  maintain  the  desired  operational 
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characteristics.  This  is  particularly  true  for  heat  exchangers  and 
small  diameter  piping.  The  effect  of  this  periodic  cleaning  on  the 
corrosion  of  the  base  material  or  protective  coatings  must  be  evaluated. 
Experience  with  cleaning  of  materials  that  form  thin,  tightly  adherent, 
corrosion-product  films,  such  as  the  copper  alloys  and  stainless  steels, 
has  shown  that  these  surfaces  can  be  cleaned  with  little  or  no  adverse 
effect.  Improper  mechanical  or  chemical  cleaning  can,  of  course,  harm 
any  material.  The  effect  of  cleaning  on  materials  that  form  loosely 
adherent  corrosion-product  films,  such  as  steels,  can  be  expected  to 
have  considerable  adverse  effect,  as  these  alloys  depend  on  a buildup  of 
the  corrosion  products  to  achieve  relatively  low  corrosion  rates  (Ref  1, 
p 44).  Removal  of  these  products  can  result  in  rapid  corrosion. 

Protective  coatings  can  also  be  easily  damaged  by  improper  clean- 
ing. This  is  particularly  true  at  projections  and  sharp  edges.  These 
adverse  design  features  should  be  avoided  on  coated  systems  that  require 
cleaning. 

Environmental  Design  Factors 

Intelligent  design  must  consider  the  environment  to  which  the 
structure  or  equipment  will  be  exposed.  In  some  cases,  it  could  be 
practical  to  modify  the  environment  to  improve  the  behavior  of  certain 
materials . 

Seawater  is  an  extremely  complex  medium  that  contains  nearly  all  of 
the  known  elements.  In  addition,  seawater  contains  large  amounts  of 
complex  organic  substances,  both  living  and  nonliving  (Ref  33).  Due  to 
the  complex  nature  of  seawater  and  to  the  local  generation,  introduc- 
tion, and  consumption  of  important  constituents,  the  composition  of 
seawater  varies  considerably  with  both  location  and  depth  in  the  ocean. 

In  addition  to  the  chemical  factors  in  the  environment,  other 
physical  factors  must  be  considered  in  order  to  predict  and  control 
corrosion  of  an  OTEC  plant.  Velocity  of  the  seawater  is  a very  impor- 
tant factor  and  may  indeed  prove  to  be  a critical  factor  for  such  compo- 
nents as  heat  exchangers.  Flow  regime,  turbulent  or  laminar,  also  can 
affect  corrosion  and  must  be  considered  along  with  velocity.  Other 
factors,  such  as  temperature,  pressure,  and  heat  flow,  have  been  shown 
to  have  some  effect  on  corrosion  and  must  be  considered  in  an  intelli- 
gent system  design. 

Chemical . Seawater  is  a complex  and  nonhomogeneous  environment 
(Ref  34,  p 187).  Although  many  chemical  constituents  of  the  environment 
vary  considerably  with  location  and  depth,  experience  with  ocean  struc- 
tures and  corrosion  exposure  testing  has  shown  that  material  performance 
can  be  correlated  with  the  value  of  a few  key  variables.  In  natural 
surface  seawater,  the  p\ !mary  chemical  variables  of  interest  are  salin- 
ity, organic  material,  and  pollution. 

OTEC  plants  will  probably  be  located  a reasonable  distance  from 
sources  of  diluent  freshwater  that  would  affect  salinity  to  the  extent 
necessary  to  significantly  affect  corrosion  behavior.  Therefore,  the 
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effect  of  salinity  variations  in  natural  surface  seawater  will  be  small 
(Ref  35,  p 5).  Likewise,  the  effects  of  industrial  pollution  on  OTEC 
systems  will  be  small,  unless  they  are  accompanied  by  a large  floating 
industrial  plant.  If  an  OTEC  plant  will  be  exposed  to  either  low  salin- 
ity or  polluted  waters  during  construction,  maintenance  or  repair,  then 
careful  consideration  must  be  made  as  to  the  effect  of  these  variables 
on  material  performance.  For  example,  if  some  copper  alloys  are  ini- 
tially exposed  to  polluted  seawater,  their  corrosi  .n  resistance  upon 
subsequent  exposure  to  unpolluted  seawater  will  be  significantly 
reduced.  Initial  exposures  to  fresh  seawater  allow  these  alloyr  to 
develop  protective  corrosion-product  films  that  will  improve  their 
corrosion  resistance  even  when  subsequently  exposed  to  polluted  seawater 
(Ref  36). 

The  concentration  of  organic  material  in  seawater  is  important  in 
many  corrosion  processes  (Ref  33).  The  effect  of  this  concentration  on 
the  corrosion  of  metals  in  surface  seawater  has  not  been  well  studied. 
Open  ocean  testing  in  environments  similar  to  those  expected  at  OTEC 
operating  sites  may  be  necessary  to  precisely  determine  the  corrosion 
behavior  of  materials  for  critical  systems  in  the  OTEC  plant. 

There  is  a greater  variation  in  chemicals  and  corrosion  behavior 
between  surface  waters  and  waters  at  depth  than  there  is  between  surface 
waters  at  various  locations.  Oxygen  content,  pH,  and  organic  material 
concentration  and  type  are  the  major  variables  affecting  corrosion  at 
depth  (Ref  35,  p 3-6).  The  variation  of  oxygen  content  and  pH  with 
depth  in  the  Pacific  Ocean  is  shown  in  Figure  8 (Ref  7,  p 4).  The 
variations  in  oxygen  content  and  pH  with  depth  in  the  Atlantic  Ocean  are 
significantly  less  than  those  in  the  Pacific  Ocean  (Ref  34,  p 187).  As 
shown  in  Figures  9 and  10,  the  corrosion  behavior  of  some  materials 
varies  considerably  with  differences  in  oxygen  content  (Ref  7,  pp  15, 
213,214).  Recent  research  has  indicated  that  for  some  materials,  such 
as  aluminum  alloy  5052,  the  variation  in  pH  with  depth  may  have  a more 
significant  effect  than  the  variation  in  oxygen  content  (Ref  37). 
Actual  environmental  exposure  tests  in  the  deep  ocean  have  been  limited, 
primarily  due  to  high  cost.  However,  when  deep-ocean  waters  are  to  be 
encountered  by  an  OTEC  plant,  References  1,  7,  10,  16,  17,  34,  35  and  38 
through  44  should  be  consulted  in  order  to  obtain  valid  data  for  mate- 
rial performance  under  low  velocity  conditions. 

In  addition  to  the  direct  effects  of  variations  in  environment  with 
depth,  these  variations  can  possibly  lead  to  concentration  cell  attack 
on  electrically  conductive  members  that  pass  through  waters  of  varying 
composition  (Ref  34,  p 188). 

Although  the  accumulation  of  fouling  organisms  on  exposed  surfaces 
at  depth  is  much  less  than  near  the  surface,  there  are  organisms  present 
at  all  depths.  The  concentration  of  uncombined  organic  material  may  be 
significantly  different  at  depth.  The  effect  of  such  differences  in 
organic  constituents  has  not  been  determined. 


Oxygen  (m!/l) 


Figure  9.  Effect  of  oxygen  content  in  seawater  on  the 
corrosion  of  steel  after  1 year  of  exposure. 


Oxygen  (ml/l) 


Figure  10.  Effect  of  oxygen  content  in  seawater  on 
the  pit  depth  of  aluminum  alloy  6061-T6 
after  1 year  of  exposure. 
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The  solubility  of  several  constituents  of  seawater  is  also  related, 
either  directly  or  indirectly,  to  depth  (Ref  45).  Thus,  it  is  possible 
that  precipitation  of  materials  such  as  calcium  carbonate  may  occur  when 
deep  waters  are  brought  to  the  surface.  Such  possible  precipitations 
would  have  an  adverse  effect  on  heat  exchanger  performance  and  should  be 
investigated  further. 

Velocity.  Flow  velocity  may  be  one  of  the  most  significant  factors 
affecting  the  selection  of  materials  for  key  components  of  an  OTEC 
plant.  Most  materials  exhibit  satisfactory  performance  over  only  a 
relatively  small  range  of  velocity  and  flow  conditions.  Aluminum  alloys 
and  stainless  steels  perform  well  at  moderate  velocities,  but  are  se- 
verely attacked  under  stagnant  conditions.  Copper  alloys  generally 
exhibit  a threshold  velocity  above  which  they  corrode  very  rapidly  but 
below  which  they  have  satisfactory  resistance  (Ref  46,  p 1745).  Mate- 
rials such  as  titanium  often  show  no  effect  of  velocity  within  the 
limits  expected  for  OTEC  plant  operation  (Ref  1,  p 249). 

Specific  data  from  corrosion  tests,  coastal  power  plants,  and  ship 
service  may  not  be  directly  applicable  to  the  design  of  an  OTEC  plant 
due  to  the  differences  in  chemical  characteristics  of  the  environment 
and  sizes  of  equipment  tested.  The  reasons  for  the  effect  of  variations 
in  chemical  characteristics  are  the  same  as  those  for  low  flow  condi- 
tions as  discussed  previously.  The  effect  of  equipment  size  on  velocity 
tolerance  is  more  subtle.  It  has  been  shown  that  velocity  per  se  is  not 
the  critical  factor  in  the  behavior  of  some  alloys.  For  these,  the 
fluid  shear  stress  at  the  metal  surface  is  the  critical  factor  (Ref  47). 
For  most  equipment,  the  fluid  shear  stress  is  a function  of  velocity, 
size,  geometry,  and  fluid  viscosity  (Ref  48).  Thus,  the  critical  fluid 
shear  stress  or  tolerable  shear  stress  range  should  be  determined  for 
materials  that  are  candidates  for  critical  OTEC  systems  and  should  be 
applied  to  specific  equipment  designs.  Interim  velocity  limits  can  be 
applied  to  noncritical  candidate  materials  for  validation  testing.  Such 
data  are  presented  in  References  1,  21,  35,  46,  and  49  through  51  as 
well  as  in  many  other  documents  that  outline  specific  equipment  or 
material  performance.  From  these  data  the  following  limiting  flow 
velocities,  based  on  resistance  to  impingement  attack,  are  suggested  for 
use  until  more  OTEC  specific  data  can  be  obtained: 
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Limiting  Maximum  Velocity 

Component 

Material 

m/sec 

ft/sec 

Heat 

exchanger 

tubes 

Aluminum 

Titanium 

Stainless  steel  (A16X) 

90:10  copper  nickel  (CA706) 

1.5  to  1.6 
no  limit 
no  limit 

3 

5 to  6 
no  limit 
no  limit 
10 

Salt 

water 

piping 

Steel 

Aluminum 

Titanium 

Stainless  steel  (A16X) 

90:10  copper  nickel  (CA706) 

1.5  to  1.6* 

1.5  to  1.6 
no  limit 
no  limit 

2.5  to  3.5** 

5 6* 

5 to  6 
no  limit 
no  limit 

8 to  12** 

*Based  upon  corrosion  rate  of  0.5  nun  (0.02  in.)  per  year.  If  macro' 
fouling  is  present  and  covers  surface,  then  it  is  0.125  mm  (0.005  in.) 
per  year. 

**Higher  limit  for  larger  diameter  pipes. 

Flow  Regime.  As  discussed  in  the  previous  section,  the  fluid  shear 
stress  at  the  metal  surface  is  the  critical  variable  in  the  performance 
of  metals  under  velocity  conditions.  Under  turbulent-versus-laminar 
flow  conditions,  the  fluid  shear  stress  can  vary  considerably  at  a given 
value  of  bulk  flow  due  to  the  variation  in  Reynolds  number  or  friction 
factor  (Ref  47).  Flow  regime  also  affects  mass  transfer  processes  which 
often  control  corrosion  behavior  (Ref  52).  OTEC  heat  exchangers  will 
probably  operate  in  the  turbulent  regime.  Both  velocity  and  flow  regime 
must  be  considered  in  the  determination  of  fluid  shear  stresses  on  metal 
surfaces.  Localized  velocity  gradients  are  likely  to  cause  more  attack 
than  higher  uniform  velocities.  Damaging  velocity  gradients  are  often 
caused  by  small  radius  bends  in  piping,  improperly  designed  pump  dis- 
charges, and  partially  closed  (throttled)  valves.  Debris,  such  as 
fouling  organisms,  that  partially  obstruct  small  diameter  tubes  can  also 
cause  damaging  velocity  gradients  and  should  be  avoided  by  proper  up- 
stream screening. 

Cavitation-erosion  is  a drastic  form  of  attack  associated  with  high 
velocities  and  high  velocity  gradients  such  as  are  usually  encountered 
in  pumps  and  valves.  Critical  components,  such  as  impellers,  diffusers, 
and  valve  trim,  should  be  fabricated  from  metals  such  as  titanium  and 
high  nickel-chromium-molybdenum  stainless  steels  that  are  resistant  to 
both  cavitation-erosion  during  operation  and  crevice  attack  during 
stand-by  periods. 

Heat  exchanger  water  boxes  are  often  subject  to  turbulence-related 
attack,  and  the  induced  turbulence  can  also  affect  the  performance  of 
the  heat  exchanger  tubes.  Proper  water  box  design  features  are  shown  in 
Figure  11  (P.^f  21). 
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<*•  Objtcti^nabU.  Restricted  entrant  di  e to 
•hallow  water  box. 


6.  Improved,  Air  pocket  eliminated  by  stream- 
lined  entrance  and  deepened  water  box. 


Designs  >(  Injection  Nossle  and  Water  Box. 


«.  OkjectioiuMt.  Sharp  a rule,  at  junction  of  noute 
and  water  box. 


Designs  of  Entrance  to  Water  Box, 


a.  Objection  aM«\  Cylindrical  nmile;  abrupt  6.  Improved.  Nossle  xrudually  increasing  in 

increase  in  area.  area  at  approach  t«»  water  box. 


Designs  of  Entrance  to  Water  Box. 


Figure  il.  Continued. 
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Pressure  ■ Pressure  has  not  been  found  to  have  a direct  effect  on 
the  corrosion  behavior  of  metals  (Ref  7,35).  Pressure  can,  aside  from 
mechanical  effects  such  as  stress,  indirectly  influence  corrosion  behav- 
ior. Under  high  pressure,  thermodynamic  considerations  indicate  that  a 
lowering  of  pH  will  occur,  thus  affecting  both  corrosion  and  the  forma- 
tion of  protective  carbonate  scales  (Ref  35,  p 6).  Pressure  should 
reduce  the  tendency  of  bubbles  to  form  that  are  responsible  for  impinge- 
ment attack  (Ref  1,  p 124). 

Temperature.  In  surface  seawater  the  effect  of  temperature  on 
corrosion  is  generally  balanced  by  two  opposing  factors.  At  low  temper- 
atures, the  solubility  of  oxygen  in  the  seawater  is  increased,  and  the 
amount  of  fouling  organisms  that  accumulate  on  exposed  surfaces  is  low. 
In  high  temperature  waters,  the  oxygen  solubility  is  lower,  and  the 
fouling  accumulations  are  normally  heavier.  Thus,  the  expected  increase 
of  corrosion  rate  with  temperature  is  offset  by  other  factors  within  the 
normal  range  of  surface  ocean  temperatures  (Ref  1,  p 133). 


DESIGN  FACTORS  INFLUENCING  BIOFOULING 

There  is  a natural  tendency  for  any  surface  exposed  to  seawater  to 
become  covered  with  biological  material.  The  films  formed  can  range 
from  the  thin  slimes  and  sparse  macroorganisms  typical  of  the  deep  ocean 
to  the  heavy  accumulation  of  both  hard-shelled  and  soft-bodied  plants 
and  animals  of  the  surface.  Specific  equipment  in  an  OTEC  plant  will 
vary  greatly  in  its  tolerance  to  fouling  organisms.  Considerable 
amounts  of  heavy  fouling  can  be  accommodated  on  the  platform  hull, 
whereas  very  thin  slime  films  can  adversely  affect  the  performance  of 
heat  exchangers.  Thus,  a wide  range  of  fouling  control  requirements 
must  be  applied  to  the  various  OTEC  system  components. 

Fouling  organisms  also  have  a direct  effect  on  the  corrosion  of 
many  materials.  Heavy  accumulations  of  growth  on  steel  can  limit  the 
access  of  oxygen  to  the  metal  surface  and,  thereby,  reduce  corrosion  to 
low  values.  These  low,  consistent  values  are  the  result  of  the  sulfate- 
reducing  bacteria  in  sustaining  the  corrosion  of  the  steel  rather  than 
the  classical  oxygen  reduction  process  (Ref  53).  Oxygen  and  metal  ion 
concentration  cells  can  also  be  formed  by  the  attachment  of  certain 
marine  organisms,  notably  barnacles.  These  cells  can  adversely  affect 
the  performance  of  alloys  that  are  susceptible  to  localized  attack, 
particularly  crevice  corrosion  (Ref  47). 

In  special  cases,  mobile  organisms,  such  as  sea  urchins,  can  con- 
tinuously remove  protective  corrosion  product  films,  thereby  producing 
high  corrosion  rates  (Ref  1,  p 14).  Sulfides  produced  by  the  decay  of 
organisms  are  a form  of  natural  pollution  and  should  be  considered, 
particularly  when  alternate  filling,  stagnation  or  intermittent  anti- 
fouling treatments  are  utilized.  Organisms,  both  micro  and  macro,  can 
also  cause  accelerated  degradation  of  protective  coatings  (Ref  1,  p 15). 
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Direct  mechanical  effects  of  fouling  accumulations  must  also  be 
considered.  The  weight  and  bulk  of  organisms  can  increase  stresses  in 
equipment,  alter  flow  rates,  and  cause  turbulence,  all  of  which  can 
affect  both  the  short-term  mechanical  performance  and  the  long-term 
corrosion  behavior  of  not  only  the  equipment  in  which  the  fouling  has 
occurred  but  also  other  system  components  (Ref  1,  p 14). 

By  proper  design  and  fouling  control,  the  accumulation  and  effects 
of  fouling  organisms  can  be  kept  within  reasonable  limits  at  minimum 
excess  cost.  Many  factors  must  be  considered  in  order  to  obtain  optimum 
(lowest  cost  for  required  resistance)  fouling  control.  As  in  design  for 
corrosion  control,  these  factors  can  be  separated  into  two  broad  groups: 
mechanical  and  environmental. 

Mechanical  Design  Factors 

Mechanical  design  factors  that  can  influence  the  attachment  and 
growth  of  fouling  organisms  include  geometry,  orientation,  layout, 
surface  finish,  cathodic  protection,  antifouling  coatings,  and  cleaning 
systems.  These  factors  must  not  only  be  considered  individually,  but 
must  be  considered  as  a synergistic  system.  Any  design  is  necessarily  a 
compromise.  Often  factors  that  decrease  fouling  will  increase  corrosion 
and  vice  versa.  Only  by  carefully  defining  required  corrosion  and 
fouling  resistance  and  adjusting  material  selection  and  design  to 
achieve  these  requirements  can  an  optimum  design  be  formulated. 

Geometry  and  Orientation.  Biofouling  will  occur  on  all  nontoxic 
surfaces  exposed  to  ambient  seawater.  The  type  and  extent  of  fouling 
varies  considerably  with  both  location  and  season,  and  it  must  either  be 
prevented  or  tolerated.  The  major  effects  of  geometry  and  orientation 
on  fouling  are  in  the  area  of  tolerance  rather  than  prevention.  The 
basic  factors  of  simplicity,  accessibility,  and  maintainability  outlined 
in  the  corrosion  section  also  apply  here. 

The  adverse  effect  of  biofouling  on  system  performance  should  be 
estimated  to  determine  if  fouling  control  is  necessary.  Fouling  mass 
can  be  estimated  for  both  near-shore  and  open  ocean  conditions  (Ref  54). 
An  additional  weight  of  17  kg/sq  m (1.7  lb/sq  ft)  can  be  expected  on  a 
completely  fouled  i nprotected  surface  at  warm  water  sites  typical  of 
those  proposed  for  OTEC.  This  is  the  weight  of  hard  shelled  organisms; 
soft  fouling  has  essentially  the  same  density  as  seawater.  After  the 
surface  becomes  completely  fouled,  a stable  community  is  established, 
and  no  significant  additional  weight  accumulates.  From  the  surface  to  a 
depth  of  5 meters  (16  ft),  surfaces  can  be  expected  to  be  completely 
fouled  within  3 years.  At  a depth  of  18  meters  (60  ft),  surfaces  can  be 
expected  to  be  covered  within  12  years.  At  a depth  of  30  meters  (100 
ft),  surfaces  will  be  approximately  50%  fouled  within  12  years.  At  a 
depth  of  100  meters  (330  ft),  surfaces  can  be  expected  to  be  only  5% 
covered  within  12  years.  The  shape  of  fouling  rate  curves  indicates 
that  a maximum  fouling  population  will  be  achieved  after  1 to  2 years 
and  will  remain  fairly  stable  after  that  time  (Ref  54).  The  fouling 
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rate  estimations  can  be  used  to  determine  the  cleaning  interval  re- 
quired. These  forecasts  are  for  external  surfaces  and  may  not  be  appli- 
cable to  the  large  internal  volumes  to  be  encountered  in  an  OTEC  plant. 

One  indirect  effect  of  geometry  is  that  of  light  on  fouling. 
Fouling  organisms  are  sensitive  to  light.  Light  is  necessary  for  photo- 
synthesis, and  plants  will  not  grow  in  its  absence.  Animal  species, 
however,  seem  to  flourish  in  dark  areas.  Thus,  the  maximum  amount  of 
fouling  seems  to  occur  on  strongly  illuminated  or  completely  dark  sur- 
faces (Ref  55).  This  effect  should  be  considered  as  a predictive  tool, 
not  a preventive  measure  (Ref  56). 

The  increase  in  resistance  to  fluid  flow  due  to  fouling  is  also  an 
adverse  effect.  Data  from  fouling  of  ships'  hulls  and  increase  fluid 
flow  resistance  in  small  diameter  piping  can  be  used  only  to  estimate 
these  effects  on  the  interior  portions  of  an  OTEC  plant. 

The  effect  of  fouling  on  heat  transfer  surfaces  is  a critical 
factor  in  the  viability  of  the  OTEC  concept  (Ref  57).  The  geometry  of 
the  heat  transfer  surfaces  will  have  little  direct  effect  on  their 
propensity  to  foul,  but  it  will  have  a significant  effect  on  the  effi- 
cacy of  various  antifouling  treatments.  Geometry  can,  however,  indi- 
rectly affect  the  fouling  of  heat  transfer  surfaces  by  influencing  other 
factors,  such  as  velocity  and  turbulence,  which  will  be  discussed  later 
in  this  paper. 

Orientation  of  a surface  has  a direct  effect  on  the  fouling  of  that 
surface.  Ir.  general,  the  lower  side  of  a horizontal  surface  fouls  more 
heavily  than  the  upper  side  of  a horizontal  surface,  with  there  being  a 
gradation  of  intensity  between  these  extremes  (Ref  55).  The  variation 
is  small,  however,  and,  taking  the  vertical  orientation  as  an  average, 
will  vary  approximately  ±10%  (Ref  54). 

Layout.  Like  geometry  and  orientation,  layout  does  not  have  a 
significant  direct  effect  on  fouling.  The  indirect  effects  of  layout  on 
accessibility,  maintainability,  etc.,  which  were  outlined  in  the  pre- 
ceding section  on  corrosion,  apply  also  to  fouling. 

Surface  Finish.  There  have  been  some  studies  made  that  indicate  a 
polished  surface  is  initially  more  resistant  to  fouling  than  a roughened 
one  (Ref  58).  This  effect  seems  to  be  short-lived,  and  the  fouling  on 
polished  surfaces  approaches  that  on  roughened  surfaces  within  a few 
months  (Ref  58).  Considerable  information  on  other  surface  charac- 
teristics was  located,  but  it  was  primarily  related  to  surface  chemistry 
and  material  properties. 

Metals  can  be  grouped  into  three  broad  categories  of  fouling  prop- 
erties. Highly  corrodable  metals,  such  as  steel,  foul  readily.  The 
fouling  can,  however,  be  readily  removed  with  the  typical  loose  corro- 
sion products  formed.  Passive  metals,  such  as  the  stainless  steels, 
will  also  readily  foul,  but  the  fouling  is  tightly  adherent.  Some 
metals,  such  as  the  copper  alloys,  form  corrosion-product  films  (in  this 
case,  cuprous  oxide)  that  are  toxic  to  organisms  (Ref  59). 


The  fouling  resistance  of  inorganic  materials  is  related  primarily 
to  the  initial  adhesion  of  a proteinaceous  "conditioning  film,"  which 
serves  as  a substrate  for  the  attachment  of  subsequent  fouling  communi- 
ties (Ref  60).  Surface  tension  appears  to  have  primary  influence  on  the 
adhesion  of  these  films.  Surface  tension  in  the  range  of  20  to  30 
dynes/cm  appears  to  result  in  a minimum  adhesion,  although  a totally 
fouling  free  surface  has  not  been  achieved  through  application  of  this 
phenomenon  (Ref  60). 

Cathodic  Protection.  Cathodic  protection,  or  rather  the  imposition 
of  electrical  currents,  has  been  widely  studied  as  an  antifouling  mea- 
sure (Ref  61-63).  Except  for  the  in-situ  generation  of  chlorine  gas 
(Ref  62)  these  methods  are  considered  either  ineffective  or  impractical 
for  large  surfaces,  primarily  due  to  the  high  current  densities  required 
for  protection  (Ref  64,55).  The  dissolution  of  heavy  metals  from  coat- 
ings or  alloy  matrices  by  anodic  currents  and  the  periodic  formation  and 
removal  of  calcareous  coatings  by  periodically  reversed  currents  may, 
however,  be  applicable  to  certain  critical  systems  where  no  other  means 
of  fouling  control  is  practical.  Some  studies  indicate  that  steel 
protjcted  with  low  current  densities  (1  to  30  mA/sq  m)  may  be  subject  to 
heavier  fouling  than  unprotected  surfaces.  With  currents  above  30  mA/sq 
m,  fouling  was  reduced  (Ref  55). 

Antifouling  Coatings.  Antifouling  coatings  that  contain  toxic 
materials  can  be  used  to  prevent  fouling.  However,  these  coatings  have 
limited  life,  because  the  toxic  materials  must  leach  from  the  coatings 
in  order  to  provide  fouling  resistance.  Unless  the  system  can  be  de- 
watered and  recoated,  antifouling  coatings  should  be  considered  as  a 
temporary  measure.  If  the  equipment  was  properly  designed  to  allow  for 
such  dewatering  and  recoating,  then  such  coatings  could  be  practical  in 
some  instances.  The  selection  of  these  coatings  for  specific  applica- 
tions is  outside  the  scope  of  this  report.  Certain  precautions  must  be 
taken,  however,  in  the  selection  of  antifouling  coatings  in  order  to 
preveut  adverse  corrosion  effects.  The  toxic  products  from  antifouling 
coatings  containing  heavy  metals,  such  as  copper  and  mercury,  can  cause 
rapid  corrosion  of  some  metals,  particularly  aluminum  alloys.  These 
coatings  should  not  be  applied  directly  to  aluminum  surfaces,  nor  should 
seawater  flowing  past  them  be  allowed  to  contact  aluminum  surfaces 
(Ref  1,  p 18). 

Radioactive  coatings  can  prevent  fouling,  but,  for  the  coatings 
developed  to  date,  the  levels  of  activity  required  present  serious 
safety  and  environmental  problems  (Ref  63). 

Cleaning  Systems.  Fouling  can  be  removed  from  any  surface  by 
mechanical  cleaning.  Initial  proteinaceous  and  bacterial  films  can  be 
removed  by  simply  wiping  or  brushing,  whereas  hard-shelled  organisms 
require  vigorous  scraping  to  dislodge  them  from  many  surfaces.  The 
design  of  a system  will  be  a major  factor  in  the  efficacy  of  any  clean- 
ing system.  Smooth  and  simple  surface  contours  lend  themselves  to  easy 
cleaning,  whereas  complex  contours  with  re-entrant  angles,  etc.,  are 
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more  difficult  to  clean.  For  example,  the  interior  of  heat  exchanger 
tubes  are  relatively  simple  to  clean  whereas  their  exterior  surfaces, 
particularly  when  they  are  closely  spaced,  present  a much  more  difficult 
situation . 

Environmental  Design  Factors 

By  properly  controlling  or  modifying  the  chemical  or  physical 
character  of  seawater,  the  ability  of  fouling  organisms  to  live  and  grow 
can  be  limited  or  totally  inhibited.  Any  modification  of  the  large 
volumes  of  seawater  required  for  the  operation  of  an  OTEC  plant  will 
require  large  inputs  of  chemicals  or  energy.  Therefore,  the  use  of 
environmental  modification  as  an  antifouling  method  should  be  carefully 
analyzed.  Certain  environmental  factors  will  be  modified  by  the  normal 
operation  of  the  plant  and,  where  possible,  the  effect  of  these  modifi- 
cations on  fouling  should  be  used  to  the  maximum  overall  benefit. 

Chemical . Introduction  of  toxic  materials  into  the  environment  can 
kill  marine  organisms.  Chlorine  is  the  most  widely  used  chemical  agent 
for  this  purpose.  Chlorine  may  be  added  as  a gas  or  as  a hypochlorite 
(Ref  65).  It  can  also  be  generated  in  situ  by  electrolysis  of  the 
seawater  itself  (Ref  66).  Chlorine  residuals  on  the  order  of  0.25  ppm 
applied  continuously  will  provide  complete  control  in  most  instances. 
Chlorine  additions  must,  of  course,  be  in  excess  of  these  residual 
requirements  in  order  to  allow  for  reaction  of  the  chlorine  with  the 
seawater  (Ref  65).  The  amount  of  chlorine  required  will  vary  consider- 
ably with  local  conditions  (Ref  65).  This  may  be  particularly  true  for 
deep-ocean  waters  where  the  fouling  population  is  limited.  The  inter- 
mittent addition  of  chlorine  can  also  eliminate  fouling  (Ref  67,  p 359). 
The  actual  amount  and  optimum  addition  cycle  of  chlorine  for  inhibiting 
fouling  in  the  various  portions  of  an  OTEC  system  can  be  expected  to  be 
significantly  different  from  the  dosages  normally  used  in  coastal 
plants.  Specific  recommendations  as  to  the  feasibility  of  chlorination 
as  the  method  for  inhibiting  fouling  of  an  OTEC  plant  cannot  be  made 
until  these  data  are  obtained. 

Velocity.  Relative  velocity  between  seawater  and  a surface  can 
inhibit  or  prevent  the  attachment  of  fouling  organisms  (Ref  1,  p 132). 
The  velocity  of  this  flow  is  the  major  antifouling  factor  that  can  be 
directly  controlled  by  system  design.  While  the  critical  velocity 
required  to  inhibit  or  prevent  fouling  has  not  been  well  defined,  it 
probably  lies  in  the  2-to-4-fps  range  (Ref  63).  The  use  of  velocity  to 
control  fouling  depends  on  continuous  flow.  If  the  flow  is  interrupted, 
even  for  short  periods,  fouling  organisms  will  attach  and  continue  to 
grow  under  subsequent  high  velocity  conditions  (Ref  65,  p 39).  Thus,  in 
order  to  be  practically  applicable  to  OTEC  systems,  the  use  of  velocity 
to  control  fouling  probably  will  need  to  be  combined  with  some  other 
antifouling  method  in  order  to  accommodate  periods  of  low  flow. 

Design  also  affects  the  uniformity  of  velocity  and,  thus,  the 
efficacy  of  velocity  in  inhibiting  fouling.  Where  the  flow  is  not 
smooth  and  evenly  distributed,  areas  of  low  velocity  will  occur  and,  if 
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below  the  critical  velocity,  fouling  will  occur.  Fouling  downstream  of 
obstructions,  such  as  ells,  screens,  etc.,  is  coiiimon  even  in  systems 
operating  at  high  velocity.  It  is  suggested  that  an  approach  analogous 
to  the  surface  fluid  shear  concept  for  velocity  effects  on  corrosion 
(Ref  47)  may  be  applicable  to  the  study  of  the  effects  of  velocity  on 
fouling. 

Temperature ■ Temperature  has  a significant  effect  on  fouling 
organisms  and,  thus,  on  fouling  rates.  In  warm,  tropical  waters  the 
fouling  rates  are  typically  high,  whereas  they  are  typically  lower  in 
temperate  waters.  A rapid  temperature  change  on  the  order  of  20  to  40°C 
can  inhibit  or  prevent  fouling  (Ref  63,68,69).  However,  providing  for 
such  temperature  changes  in  the  volumes  of  water  involved  in  the  opera- 
tion of  an  OTEC  plant  presents  many  engineering  and  economic  difficul- 
ties. It  is  possible  that  the  effect  of  heating  may  be  significantly 
greater  on  deep  ocean  organisms  than  on  common  surface  organisms 
(Ref  70,  p 28). 

Pressure.  The  effect  of  pressure,  or  rather  changes  of  pressure, 
on  fouling  organisms  is  not  well  documented.  As  OTEC  will  bring  large 
quantities  of  deep  water  to  the  surface  and  utilize  this  water  in  equip- 
ment, such  as  heat  exchangers,  that  have  critical  fouling  requirements, 
this  effect  must  be  studied  further.  It  is  generally  assumed  that 
fouling  will  be  minimal  in  the  deep  water,  even  when  brought  to  the 
surface.  The  heavy  accumulations  of  typical  hard  fouling  found  in  heavy 
surface  exposures  do  not  generally  occur  in  deep  waters,  but  the  marine 
organisms  capable  of  forming  slime  films  and  heavier  accumulations  of 
animal  fouling  are  known  to  occur  at  all  depths  proposed  for  OTEC  plant 
operations  (Ref  71).  The  effect  of  these  organisms  on  OTEC  plant  con- 
densers should  not  be  neglected,  unless  valid  test  data  can  be  obtained 
that  show  the  fouling  rates  are  within  acceptable  limits. 


SUMMARY 

Many  factors  that  influence  the  biofouling  and  corrosion  of  OTEC 
system  surfaces  can  be  manipulated  by  system  design.  In  general,  simple 
designs  are  preferable  to  complex  designs;  maintainability  and  accessi- 
bility are  key  factors;  and,  as  for  any  engineering  endeavor,  the  final 
design  will  be  a compromise  between  many  factors.  In  some  instances, 
corrosion  and  biofouling  will  be  of  little  concern,  while  the  influence 
of  other  factors  will  predominate.  In  other  instances,  corrosion  and 
biofouling  will  be  critical  factors  and  will  predominate  over  other 
concerns.  Careful  attention  to  details  of  design  and  application  of  the 
basic  design  principles  outlined  in  this  report  is  necessary  to  control 
biofouling  and  corrosion  of  an  OTEC  plant.  Only  by  a careful  balance  of 
these  many  factors  through  careful  engineering  judgment  can  an  optimum 
OTEC  plant  be  placed  into  successful  operation. 
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RECOMMENDATIONS 


Because  of  the  unique  nature  and  scale  of  the  OTEC  concept,  much 
extrapolation  of  presently  available  experience  and  experimental  data 
must  be  made  to  obtain  a first  approximation  of  the  biofouling  and 
corrosion  behavior  that  may  occur  in  a full-scale  OTEC  plant.  Such 
topics  as  the  rate  of  biofouling  of  heat  exchanger  tubes  in  the  open 
ocean  using  both  near-surface  and  deep-ocean  water,  the  precipitation  of 
materials  from  deep  water  when  brought  to  the  surface,  the  effect  of 
environmental  gradients  on  structural  attack,  the  effect  of  velocity  on 
the  corrosion  of  very  large  components,  as  well  as  many  other  OTEC 
specific  problems  must  be  studied  under  actual  OTEC  conditions  in  order 
to  refine  the  ability  to  predict  and  control  biofouling  and  corrosion  in 
an  OTEC  plant. 
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Appendix 

FORMS  OF  CORROSION  ATTACK 


For  all  the  combinations  of  metals,  ocean  environments,  and  struc- 
tural applications,  only  a few  forms  of  corrosive  attack  occur.  Several 
corrosion  mechanisms  may  result  in  the  same  form  of  attack  in  various 
situations.  The  description  of  these  forms  of  attack  given  below  are 
intended  to  provide  the  design  engineer  with  a mental  picture  so  that 
the  effect  of  the  attack  on  structural  integrity  or  equipment  operation 
can  be  better  evaluated. 

1.  No  Corrosion.  While,  strictly  speaking,  this  is  not  a form  of 
attack,  it  is  a form  of  material  behavior  exhibited  by  a few  alloys.  In 
this  form  of  attack  there  is  essentially  no  interaction  with  the  marine 
environment  and  no  change  in  weight,  strength,  ductility  or  other  prop- 
erty that  can  be  attributed  to  the  marine  exposure.  Typical  materials 
that  undergo  no  corrosion  when  exposed  to  seawater  are:  platinum,  gold, 
titanium  (selected  alloys),  nickel  alloys  (N06625*  and  N10002*),  cobalt 
alloy  (R30035“) , and  the  complex  stainless  steel  A16X. 

2.  Uniform  Corrosion.  When  a metal  corrodes  at  substantially  the 
Sc:me  rate  over  its  entire  exposed  surface,  uniform  corrosion  is  said  to 
have  occurred.  As  for  all  natural  phenomena,  the  attack  is  not  strictly 
uniform.  Surface  roughening  always  occurs.  The  amount  and  distribution 
of  this  roughening  vary  considerably  and  can  grade  into  pitting  corro- 
sion. Weight  loss  is  a valid  measurement  of  uniform  corrosion.  Typical 
materials  that  are  subject  to  uniform  corrosion  in  seawater  are  carbon 
steels  and  most  alloy  steels  (when  mill  scale  has  been  removed),  copper, 
beryllium  copper  (C17200),  and  90-10  copper-nickel  (C70600) . 

3.  Pitting  Corrosion.  Pitting  is  a form  of  localized  attack  where 
the  corrosion  rate  is  substantially  greater  on  some  areas  of  a metal 
surface  than  on  others.  The  result  of  pitting  attack  can  range  from 
broad,  shallow  cratering  to  narrow,  deep  pits  resembling  drilled  holes. 
The  surfaces  surrounding  the  pits  can  remain  virtually  unattacked. 
Weight  loss  cannot  be  used  to  evaluate  pitting  corrosion.  Pit  depth  and 
frequency  measurements,  tensile  tests,  and  visual  observations  are 
normally  used  to  evaluate  pitting  attack.  The  gradation  of  uniform 
corrosion  into  the  broad,  shallow  cratering  form  of  pitting  attack  can 
be  subtle.  The  two  forms  of  attack  can  be  differentiated  by  use  of  the 
pitting  factor  (P.F.)  where 

p P _ Depth  of  Deepest  Pit 
Average  Depth  of  Attack 


Numbers  refer  to  assignments  in  ’’Unified  Numbering  System  for  Metals 
and  Alloys,"  Society  of  Automotive  Engineers,  SAEJ  1086,  latest  issue. 
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When  the  pitting  factor  is  less  than  two,  uniform  corrosion  is  said  to 
have  occurred.  When  the  pitting  factor  is  greater  than  two  then  pitting 
corrosion  is  said  to  have  occurred.  Typical  materials  that  are  subject 
to  pitting  attack  are  the  aluminum  alloys  and  stainless  steels,  except 
those  containing  appropriate  amounts  of  ^nickel  and  molybdenum  such  as 
the  A16X  stainless  steel  proposed  for  OTEC  applications. 

4.  Galvanic  Corrosion.  Galvanic  corrosion  is  attack  accelerated 
by  electrical  coupling  of  two  or  more  dissimilar  metals.  Galvanic 
attack  can  occur  rapidly  and  can  result  in  either  uniform  or  localized 
attack.  Not  only  the  composition  of  the  metals  involved,  but  also  their 
relative  exposed  surface  areas,  distance  apart,  geometric  distribution, 
and  the  resistance  of  the  electrical  contact,  determine  the  rate  and 
type  of  attack  that  will  occur.  Galvanic  corrosion  tendencies  in  sea- 
water can  be  predicted.  In  most  cases,  however,  quantitative  galvanic 
corrosion  rates  cannot  be  predicted.  Galvanic  corrosion  should,  there- 
fore, be  avoided  wherever  possible  by  electrically  isolating  dissimilar 
metals.  Although  nearly  any  metal  can  be  subject  to  galvanic  corrosion, 
the  aluminum  alloys,  carbon,  and  alloy  steels  are  most  prone  to  this 
type  of  attack  due  to  their  relatively  high  activity  in  seawater. 

5.  Concentration  Cell  (Crevice)  Corrosion.  Concentration  cell 
corrosion  is  attack  caused  by  a difference  in  environment  between  dif- 
ferent points  on  a single  metal.  While  differences  in  temperature, 
light,  etc.,  can  cause  concentration  cell  corrosion  in  special  circum- 
stances, the  most  common  cause  of  concentration  cell  corrosion  in  marine 
environments  is  the  differential  environment  caused  by  the  trapping  of 
seawater  in  small  gaps  or  crevices.  When  the  seawater  is  trapped  and 
' Id  in  a crevice,  its  composition  will  change  considerably  from  that  of 
'.ne  bulk  seawater  outside  the  crevice.  For  some  materials,  such  as  the 
aluminum  alloys  and  stainless  steels,  the  composition  change  of  signifi- 
cance is  the  consumption  of  dissolved  oxygen  within  the  crevice.  This, 
combined  with  changes  in  acidity  within  the  crevice,  results  in  acceler- 
ated attack  within  the  crevice.  This  form  of  attack  is  insidious, 
because  it  can  occur  rapidly  and  is  often  revealed  only  by  equipment 
failure. 

A second  form  of  crevice  attack  is  commonly  found  to  occur  on  the 
copper  alloys.  In  this  form  of  attack,  the  buildup  of  metal  ions  within 
the  crev-ve  causes  the  area  inside  the  crevice  to  become  less  active 
tl-'.n  the  ea  just  outside  the  crevice.  Accelerated  attack  occurs  just 
outside  the  crevice.  Weight  loss  cannot  be  used  to  evaluate  this  form 
of  localized  attack.  Depth  and  frequency  of  attack  are  often  used  to 
evaluate  crevice  corrosion. 

6.  P loying.  Dealloying  is  the  selective  attack  of  one  constit- 
uent of  a Hoy.  As  alloys,  by  definition,  consist  of  solutions  or 
mixtures  more  than  one  element,  it  is  possible  that,  in  some  in- 
stances, one  or  more  constituent  of  the  alloy  will  be  sufficiently  more 
active  than  the  bulk  alloy  to  be  subject  to  selective  attack.  In  most 
cases  the  residual  material  is  porous  and  spongy  and  has  little  mechani- 
cal strength.  Typical  materials  subject  to  this  form  of  attack  in 
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seawater  are  the  cast  irons,  yellow  brass  (C27000),  and  aluminum  bronze 
(C95400).  Weight  loss  cannot  be  used  to  properly  evaluate  this  form  of 
attack.  Penetration  of  the  attack  into  the  metal  as  measured  on  a cross 
section  is  often  the  method  of  evaluation. 

7.  Intergranular  Corrosion.  Intergranular  corrosion  is  the  inter- 
nal attack  of  a metal  at  or  adjacent  to  the  grain  boundaries.  All 
engineering  materials  are  agglomerations  of  individual  crystals  or 
grains.  The  areas  where  these  grains  meet  are  called  grain  boundaries. 
In  some  metals,  such  as  some  aluminum  alloys,  the  grain  boundaries 
themselves  are  more  active  than  the  bulk  material.  In  other  alloys, 
such  as  the  stainless  steels,  improper  heat  treatment  (sensitization) 
can  lead  to  rapid  attack  of  the  material  adjacent  to  the  grain  bounda- 
ries. In  both  cases,  the  structural  integrity  of  the  alloy  is  essen- 
tially destroyed  in  the  affected  area  with  a very  small  amount  of  actual 
material  loss.  Weight  loss  cannot  be  used  to  evaluate  this  form  of 
attack.  Microscopic  examination  and  tensile  testing  are  the  most  com- 
monly used  methods  of  evaluation. 

8.  Stress  Corrosion  Cracking.  Stress  corrosion  cracking  results 
in  the  failure  of  a component  in  a shorter  time  at  a given  load  or  a 
lower  load  in  a given  time  when  exposed  to  static  stress  in  a particular 
environment  as  compared  to  failure  loads  or  times  in  air.  Stress  corro- 
sion cracking  can  occur  rapidly  and  often  occurs  due  to  residual  fabri- 
cation stresses  rather  than  service  loading.  High  strength  materials 
are  most  susceptible  to  this  form  of  attack.  Typical  materials  subject 
to  this  form  of  attack  in  seawater  are  some  aluminum  alloys,  some  tita- 
nium alloys,  and  some  precipitation-hardening  stainless  steels.  Fail- 
ures of  structures  by  stress  corrosion  cracking  can  be  predicted  by 
fracture  mechanics  techniques  when,  by  experiment,  critical  stress 
intensity  factors  for  the  specific  materials  have  been  determined. 

9.  Corrosion  Fatigue.  Corrosion  fatigue  is  the  dynamic  analogy  of 
stress  corrosion  cracking.  In  this  form  of  attack  failure  occurs  at  a 
lower  stress  level  or  in  a fewer  number  of  cycles  when  exposed  to  cyclic 
loading  in  an  aggressive  environment  than  when  exposed  to  cyclic  loading 
in  air.  Although  nearly  every  material  will  show  some  effects  of  corro- 
sion fatigue,  the  most  significant  reductions  are  noted  on  materials 
such  as  mild  steel,  ultra  high  strength  steels,  and  some  copper  alloys. 
Reductions  to  as  little  as  5 to  10%  of  the  in-air  fatigue  strength  are 
not  uncommon. 

10.  Hydrogen  Embrittlement.  Hydrogen  embrittlement  is  similar  to 
stress  corrosion  cracking  in  its  effect  on  the  load-bearing  capacity  of 
a material.  In  some  cases,  these  two  forms  of  attack  are  identical. 
The  source  of  hydrogen  can  be  from  initial  manufacture,  electroplating, 
cathodic  protection,  the  presence  of  sulfate-reducing  bacteria,  or  self 
corrosion  of  the  material  itself.  Ultra  high  strength  steels  are  most 
susceptible  to  this  form  of  attack  as  are  many  other  materials,  such  as 
some  stainless  steels. 


44 


11.  Erosion  Corrosion.  Erosion  corrosion  is  the  attack  of  a metal 
caused  by  the  rapid  flow  of  a fluid  past  or  the  impingement  of  a fluid 
on  the  metal  surface.  Steels,  copper  alloys,  and  aluminum  alloys  are 
most  subject  to  this  form  of  attack  in  seawater. 

12.  Cavitation  Corrosion.  Cavitation  corrosion  is  the  result  of 
the  impingement  and  collapse  of  vacuum  bubbles  on  a metal  surface.  The 
bubbles  are  normally  formed  in  areas  of  low  pressure  in  a high  velocity 
stream,  such  as  are  commonly  found  downstream  of  obstructions  to  the 
fluid  flow.  Cavitation  corrosion  is  particularly  severe  on  copper 
alloys,  steels,  and  aluminum  alloys  and  should  be  avoided  by  proper 
hydraulic  design. 

13.  Fretting  Corrosion.  Fretting  corrosion  is  attack  accelerated 
by  relative  motion  between  two  surfaces  in  close  contact.  The  attack 
may  be  due  to  the  repeated  rupture  of  inherently  protective  corrosion 
product  films  or  may  be  due  to  direct  abrasion  effects  with  the  corro- 
sion products  serving  as  an  abrasive.  Fretting  corrosion  can  result  in 
rapid  attack  and  should  be  avoided  by  design  such  that  relative  motion 
between  faying  surfaces  is  avoided.  Fretting  corrosion  of  aluminum  heat 
exchanger  tubes  at  tube  supports  is  an  example  of  this  type  of  attack. 
Welding  of  joints  is  an  effective  method  of  preventing  fretting  corro- 
sion. 
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SCE.  San  Diego  C A;  SC'E.  Subic  Bay.  R.P.:  Utilities  Engr  Off.  (I.TJCi  A.S.  Ritchie).  Rota  Spain 
NAVSTA  BISHOPS  POINT  Harbor  Clear.  Unit  one.  Pearl  Harbor.  HI 

NAVSLIBASE  FNS  S.  Dove.  Groton,  CT:  l.TJG  D.W.  Peck,  Groton,  CT:  SC'E.  Pearl  Harbor  HI 
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NAVSUBSCOL.  l.T  J.A.  Nelson  Groton.  CT 

NAVSUPPACF  CO.  Brooklyn  NY;  CO.  Seattle  WA;  Code  4.  12  Murine  Corps  Dist,  Treasure  Is.,  San  Francisco  CA; 

Code  413,  Seattle  WA;  LTJG  McGarrah,  Vallejo  CA;  Plun/F.ngr  Div.,  Naples  Italy 
NAVSURFWPNCEN  PWO,  White  Oak.  Silver  Spring,  MD 
NAVTECHTRACEN  SCE.  Pensacola  EL 
NAVUSEAWARENGSTA  Keyport,  WA 

NAVWPNCF.N  Code  2636  (W.  Bonner).  China  Lake  CA;  PWO  (Code  26).  China  Lake  CA;  ROICC  (Code  702),  China 
Lake  CA 

NAVWPNEVALEAC  Technical  Library,  Albuquerque  NM 

NAVWPNSTA  EARLE  (Clebak)  Colts  Neck,  NJ;  Code  092.  Colts  Neck  NJ;  Code  092A  (C.  Fredericks)  Seal  Beach 
CA;  ENS  G.A.  Lowry,  Fallbrook  CA;  Maint.  Control  Dir.,  Yorktown  VA;  PW  Office  (Code  09C1 ) Yorktown.  VA; 
PWO.  Seal  Beach  CA 
NAVWPNSUPPCEN  Code  09  Crane  IN 
NAVXD1VINGU  LT  A.M.  Parisi,  Panama  City  Ft. 

NCBU  405  OIC,  San  Diego.  CA 

NCBC  CEL  AOIC  Port  Hueneme  CA;  Code  10  Davisville.  Rl;  Code  155.  Port  Hueneme  CA;  Code  156,  Port  Hueneme. 
CA;  Code  251 1 1 Port  Ftueneme,  CA;  Code  400,  Gulfport  MS;  NESO  Code  251  P.R.  Winter  Port  Flueneme,  CA; 

PW  Engrg.  Gulfport  MS;  PWO  (Code  80)  Port  Hueneme.  CA:  PWO.  Davisville  R! 

NCBU  411  OIC.  Norfolk  VA 

NCR  20,  Commander 

NCSO  BAHRAIN  Security  Offr.  Bahrain 

NMCB  133  (ENS  T.W.  Nielsen);  5,  Operations  Dept.;  74.  CO;  Forty,  CO;  THREE.  Operations  Off. 

NOAA  Librarym  Rockville,  MD 

NORDA  Code  410  Bay  St.  Louis,  MS;  Code  440  (Ocean  Rsch  Off)  Bay  St.  Louis  MS 

NRL  Code  84(H)  (J.  Walsh),  Washington  DC;  Code  8441  (R.A.  Skop),  Washington  DC;  Rosenthal,  Code  8440.  Wash. 
DC 

NSC  Code  54.1  (Wynne).  Norfolk  VA 

NSD  SCE,  Subic  Bay,  R.P.:  Security  Offr.  Yokosuka,  Japan 

NTC  Code  54  (ENS  P.  G.  Jaekel).  Orlando  FL;  Commander  Orlando.  FL;  OICC.  CBU-401 . Great  Lakes  1L 

NAVOCF.ANSYSCEN  Hawaii  Lab(D.  Moore).  Hawaii 

NUCLEAR  REGULATORY  COMMISSION  T.C.  Johnson.  Washington.  DC 

NUSC  Code  131  New  London.  CT;  Code  F.AI23  (R.S.  Munn).  New  London  CT;  Code  S332.  B-80  (J.  Wilcox);  Code 
SB  331  (Brown).  Newport  Rl;  Code  TA13I  (G.  De  la  Cruz).  New  London  CT 
OCEANAV  Mangmt  Info  Div.,  Arlington  VA 
OCF.ANSYSl.ANT  LT  A.R.  Giancola,  Norfolk  VA 

OFFICE  SECRETARY  OF  DEFENSE  OASD  (MRA&L)  Pentagon  (T.  Casberg),  Washington.  DC 
ONR  CDR  Harlett,  Boston  MA:  BROFF,  CO  Boston  MA;  Code  221,  Arlington  VA;  Code  481.  Arlington  VA;  Code 
481.  Bay  St.  Louis.  MS;  Code  700F  Arlington  VA;  Dr.  A.  Lattfer.  Pasadena  CA 
PACM1SRANFAC  CO,  Kekaha  HI 
PHIBCB  I P&E,  Coronado,  CA 

PMTC  Code  3331  (S.  Opatowsky)  Point  Mugu,  CA;  Code  4253-3.  Point  Mugu,  CA;  F.OD  Mobile  Unit.  Point  Mugu,  CA; 
Pat.  Counsel,  Point  Mugu  CA 

PWC  ACE  Office  (l.TJG  St.  Germain)  Norfolk  V A;  CO  Norfolk,  VA;  CO.  Great  l.akes  II.;  Code  120,  Oakland  CA; 
Code  I20C  (l.ibrary)  San  Diego,  CA;  Code  128,  Guam;  Code  200,  Great  Lakes  IL;  Code  200,  Guam;  Code  2(H). 
Oakland  CA;  Code  220  Oakland,  CA;  Code  220.1 , Norfolk  V A;  Code  40  (C.  Kollon)  Pensacola,  FL;  Code  4(H). 

Pearl  Harbor.  HI:  Code  42B  (R.  Pascua).  Pearl  Harbor  HI;  Code  505A  (H.  Wheeler);  Code  680,  San  Diego  CA; 
Library,  Subic  Bay,  R.P.;  OIC  CBU-405.  San  Diego  CA;  Utilities  Officer.  Guam;  XO  Oakland.  CA 
SPCC  Code  I22B.  Mechanicshurg.  PA:  PWO  (Code  120)  Mechanicsburg  PA 
TV  A Smelser,  Knoxville,  Tenn. 

UCT  TWO  OIC,  Port  Hueneme  CA 

U.S.  MERCHANT  MARINE  ACADEMY  Kings  Point,  NY  (Reprint  Custodian) 

US  DEPT  OF  AGRIC  Forest  Products  Lab.  Madison  Wl;  Forest  Products  Lab.  (R.  DeGroot),  Madison  Wl 
US  DEPT  OF  INTERIOR  Bureau  of  Land  MNGMNT  - Code  733  (T.E.  Sullivan)  Wash,  DC 
US  GEOLOGICAL  SURVEY  Off.  Marine  Geology,  Piteleki.  Reston  VA 
US  NATIONAL  MARINE  FISHERIES  SERVICE  Highlands  NY  (Sandy  Hook  l.ab-l.ibrary) 

USAF  Maj.  Riffel.  Rumstein,  Germany 

USAF  REGIONAL  HOSPITAL  Fairchild  AFB,  WA 

USAF  SCHOOL  OF  AEROSPACE  MEDICINE  Hyperbaric  Medicine  Div.  Brooks  AFB,  TX 


I'SCCi  (G-LCV)  Washington  IX:  (G-PCV'ftl ) (Bitrkharli  W ashington.  IK':  tCi-MP-.Vl  SP./K2)  Washington  IX: 

Ci-iCC )l:-4/fil  ( T.  IXnul).  Washington  IX' 
l SC  O ACADICMY  I I S Stramandi.  New  I otulon  C l 

I'SCCi  R<JCI)  ( l.N  1 IK  CO  Groton.  CT:  IX  Motherway . Groton  CT;  l.TJG  R.  Dan.  ( hot  on  Cl;  I eeh.  I)ii . Groton.  (I 
l SNA  Gh.  Mceh.  I ngr.  Dept  Annapolis  Ml):  Pnetgy-Lnviron  Stud)  Gip.  Annapolis.  MD:  ICngi . Div.  (C.  Win 
Annaplolis  MD:  l.nviron.  Riot.  RAD  IV»g.  (J.  Williams).  Annapolis  MD:  Oci  . Sys.  l.ng  Dept  (Dr.  Mount.*)  I 
Annapolis.  Ml):  PWD  I -ngr.  Div.  (C.  Bradford)  Annapolis  Ml).  PWl)  Annapolis  MD 
AMI  RICAN  < ( >N(  Kill.  INSITIl IP  Detroit  MI  (library) 

AMERICAN  t MVPRSI1Y  Washington  IX' (M.  Norton) 

ARIZONA  Stale  I nerg)  Programs  Off..  Phoenix  AZ 

BONN!  All.  II.  POWPK  ADMIN  Portland  OR  1 1 nerg)  Con.rv.  Oil..  D.  Davev) 

C A I II  1)1  PI  OP  PISH  A GAMP  I ong  Heath  CA  (Marine  lech  Info  Ctrl 
CALIP.  Dl  PI  OP  NAVIGATION  A OMAN  DI  V.  Sacramento.  CA  (G.  Armstrong) 

C'AI  II  MARITIMI  AC  ADC  MY  Vallejo.  CA  (Library) 

CAI.IPORNIA  INS  I 1 11  TL  Ol  I I (HNOl.OCiA  Pasadena  CA  (Keek  Ref.  Km) 

CAI.IPORNIA  S'l  ATP.  LNIVI.RSrn  LONG  HI-ACH.  CAR  Mil  APATIt:  LONG  BI-.AOL  ( A(YI.N);  LOS 
ANGLi.P.S,  CA  (KIM) 

< YIHOI.IC  l MV.  Medt  I ngr  Dept.  Prof  Nied/wecki.  Wash..  DC 
C ORNPI.I.  I NIVI.RSri  Y Ithaca  N t (Serials  Dept.  I ngr  lab.) 

DAMPS  A MOORP  I illRARY  LOS  ANGI.I.I  S.  CA 
IH'KIi  I'NIV  Ml  DIC  A I Cl  M IK  B.  Mnga.  Durham  NC 

I LOR  IDA  A I IAN  I 1C  INI  VI  RSI  I)  BOCA  RAlOV  PL  (MC  ALLIS  HR);  Boca  Raton  II.  (Ocean  I ngr  Dept  . C. 

I mi 

I I OR1DA  All  AN  IK  l NIVI  RSII  Y Boca  Raton  PI  <W.  Tessin) 

I I.ORI DA  I I C'HNol.C IGICM.  I NIVI  RSK  Y ORLANIX).  I I iHAK'l  MAN) 
lORI  St  INS  I . PORCH  PAN  A MOl'NTAIN  Carson  City  N'  (Studies-  Library  I 

II  LI.  \ I NI.RGY  Ol  lTCP  CHARI  I SION.  WV 

C.POR.ilA  INSTHI  'I  Ol  111  H NO  I.OGY  Atlanta  C.  A (School  of  Civil  In.-.r.  Uaiin) 

HAWAII  SI  YIP.  DP  PI  Ol  PLAN.  A ICON  DIV.  Honolulu  HI  (Tech  Info  Ctl ) 

GP.OKGIA  I NS  I IT  l'!l.  OP  I P.CHNOI  OGY  Atlanta  GA  (B.  Ma/anti) 

INDIANA  P.NPRGY  OPPK'I:  P.nerey  Choiip.  Indianapolis.  IN 
INSTI  I C I LOI  MARINI  SCIPNCLS  Morehcad  C ity  NC  (Director) 

IOWA  SIAM  LNIVI  KSir,  AneslAtt  l IVpl.  Hand)) 

KLP.NI  SI  Al  l:  CO!. I POP.  Keene  NH  (Cunningham) 

I ( HIGH  1'NIVPKSHY  HP .Till  Pill  M.  PA  (MARINI  GIOTtCHNIC  Al  LAB..  RICHARDS):  Bethlehem  PA 
tP.ii/  I ngr.  I ah  No.  1.1  Reedier.  Bethlehem  PA  (I. indention  i.ih.  No.W.  Pleeksteiner) 

LIBRARY  S)P  CONOR  ICSS  WASHINGTON.  IX  tsC  IPNCPS  A TPCH  DIV) 

LOUISIANA  DIV  NATURAL  RPSOURC  PS  A PNPRC.Y  Dept,  ot  Conservation.  Baton  Rouge  LA 
LOW  COUNTRY  RIO.  PLAN.  COUNCIL  YPM ASSP.I  . SC  (BAGCiS) 

MAIM:  MARH  IMi:  AC  ADI  MS  (Wyman)  Carline  SIP;  CASTINL.  MP  (LIBRARY) 

MAINI:  OP'P'ICP;  OP  '. NI.RGY  RPSOl  RCLS  Augusta.  MP. 

MIC  HICiAN  TICTINOI  CM  iff 'AL  INIVP.RSII  Y Houghton.  Ml  (Haas) 

MISSOURI  P NLRgY  AGPNCY  Jefferson  City  MC) 

Mil'  Cambridge  MA;  C ambridge  MA  (Km  10-500,  lech.  Repor.s.  Pngr.  Pin.):  Cambridge  MA  (W'hilmtin):  Cambridge. 
MA  (Harleman) 

MONTANA  P.NPRGVC!  PI  , P Helen;..  MT 

NA  I L AC  ADI  MY  Ol  PNG.  ALEXANDRIA.  VA  (SCARI.L.  JR.) 

NLV.  HAMl'SHIRI  Concoi  J.  Nil.  (Governor's  Conn.-.i  On  Pnergvi 
NI.W  MEXICO  SOLAR  INI  KGY  INST.  Dr.  Z.ibcl  Las  Cruces  NM 
NORTHWESTERS  I'NIV  Z P.  Ba/an;  Lvauston  li 
NY  cm  COMMUNITY  COM  POL  KX'  lOKLYN.  NY  (LIBRARY) 

NYS  ENERGY  Oi  l X L Library.  Albany  NY 
I'NIV.  NOTRE  DAMP  Katonu.  None  I',,  at.  IN 

OREGON  S I ATI!  I NIVPRSI  I V H"K  IX-pt  Grate)  Corvallis.  OR:  COKVAl.l.tS.  OR  (CP  DPP  I . BPI  .L): 

C ORVAl.i.lS,  OR  iCP  l)r:PT.  . . CkS-.  Corvalis  OR  (Stltool  of  Oceanography  ) 

PP.NNSYI  VANIA  SI  Al  l UNIVERSITY  STATIC  COt  I.IO!:.  PA  (SNYDIR):  Slate  C ollege  PA  (Applied  Rscn  Lab); 
UNIVERSITY  PARK.  PA(GOIOLSM) 

PCRDUI  CNIV;  ’Sl  IY  I afayeUc  IN  il.eimarosl:  lalayite.  IN  ( ALsthaefll);  Lafayette.  IN  (CSC  I ngr.  Lib) 


('(iNMiCHcn  Hertford  ( 1 tlX-pt  of  Plan.  A.  Lnorgv  Polity) 

SA \ I)1I  (H)STAII  INIV.  !.  Noi>i;m\  S in  Diego,  ( A;  IX.  Krisbi'.mnsorihy . Siin  Diego  ( A 

SCRIPPS  INSTITl  TP  Ol  OCPANOGRAPHY  I a JOI  I a.  CA  lADAMS):  San  Diet;.-.  CA  I Marina  Phy  I ab  Spies) 
SI  Mill  U Prof  Schwaegler  Sea  I lie  W A 

SOI  THWP.ST  RSCH  INS!'  King.  San  Antonio.  IX:  R.  IXHart.  San  Antonio  IX 
SI  AM  ORl) I NIVI  RSI  I A I ngr  1 ib.  Stanford  ( A.  SI  ANPORD.  CA  (DOUGLAS) 

SI  A l l.  HOUSP  AUGUST  A.  Ml  (MAIN!.  SI  A VI.  K i t.  Al  l ot  & < ONSPRV  OI  I .I 
SI  All  INIV  Op  NPAA  YORK  Buffalo.  NY  : Port  Schuyler.  NY  (l.ongohardi) 

I l.X AS  YAM  I NIV  l RSI  PA  AV.H.  1 cdheller  College  Station.  IX:  College  Station  IX  (CP.  IX-pl.  Herhichl 
l MV  I RSII  A OP  CAI  IPORNIA  Rl  RKPl.PA  , (A  (ft  1)1  PI . (iPRWH  Kl:  BPRKI.I  P.Y.  (A  it  I DIP! . 

MI  U HI  I l l.  Berkeley  CA  iH.  Rresler);  Berkeley  CA.IX-pt  of  Naval  Arch. I;  Berkeley  CA  tl  . Pc.ifM.nl:  DAVIS, 
CA  (Cl  DLPl.  TAYLOR).  I IVPRMORP..  CA  (I.AWRLNCL  1.IVP.RMORP  I AB.  lOKAR/l:  La  Jolla  t A ( Aeq. 
Dept.  l ib.  C-075A):  M.  Duncan.  Berkeley  CA:  Off-Campu»  l acs  & I nergy  Conserv..  Davis,  CA:  Off-Campus 
Pace  A Cncrgy  (onsets..  Oasis.  CA;  SAN  DILGO.  CA.  1 A Jol.I.A.  CA  (SLROCKIf:  Vice  President.  Berkeley. 
CA 

l NIVI  RSIIY  OP Dl.l.AW  ARI  I PAMS.  DIM  DIR.  op  MAKINP  OPPKATIONS.  INDPRHI I /.IN  l.  Newark.  OL 
tDepl  of  Civil  Pngmccimg.  Chessonl 

C NIVI  RSII  ’POP  HAWAII  HONOLl  It.  HI  iSt  IKNCf  AND  1 1C  tt.  DIV.!;  Honolulu  HI  i Or.  S/ilardi 
f M VP  RSIIY  Of  ILLINOIS  Met/  Ref  Rm.  I rb.tna  II:  t RBANA,  tl  (DAVISSON,:  CKHANA.  II  tl  I BRAKY  >: 

CRRANA.  ILlNI.WARKi:  Urbana  II  M l Dept.  W Gamble, 

LN  tV  I-  RSI  I*\  Of  Is  AN  S AS  Kansas  t icotogieaf  Survey  . I assrence  KS 
UNIVI  RSIIY  <v  MASSACHCSI  I IStHeronenuisi.  Amhei-t  MA  CP  Dept 
l MY  I RSI  I V Dl  MICHIGAN  Ann  Arbor  Ml  iHicharil 

IMVPRSri  V OP  NI  BRASKA  I.INt  Ol  N I ineoln.  Nl  lRoss  Ice  Shelf  Proi.t 
LNIVI  RSITY  OP  MW  HAMPSHIRP.  DURHAM.  NH  tl  AVOIP) 

l N1VP  RSIIY  OP  PI  NNSVl  VANIA  PHII.ADI  LPHIA.  PA  (SCHOOL  Ol  P.NtiR  A APPLII.D  SCIPNCP . RtH.1.1 
l NIVI  RSITY  OP  RHODI.  ISLAND  KINGSTON.  R1  tPAZISr.  Narr.,g.insetl  Rl  (Pell  Marine  Sci.  l ib.) 

I NIVI. RSIIY  OP  SO.  t" Al  IPORNIA  Unis  So.  Calif 

(NIVI  RSIIY  Ol  I PX. AS  last.  Marine  Sci  (library ).  Port  Arkansas  IX 

I NIVPRsri  YOP  I'P.XAS  AT  At  SPIN  AUSTIN.  IX  (THOMPSON):  Austin.  1 X tBrcctti 

IMVLKSI I Y OP  WASHINGTON  Seattle  W A (M.  Slierif):  IX-pl  of  Civil  Ingr  I Dr.  Matlock  l.  Sei-.ffle  W A; 

SI  ATT  1 I . W A (APPI.IPD  PHYSICS  I.  AB*;  SI.ATTLL.  W A ((XIAN  KNt,  RSt  II  LAB.  GRAY  I;  SP.ATI'I.P. 
W A (PACIPTC  MAKINP  P.NVIRON.  l.AB..  HAl.PPkN);  Seattle  W A (P.  l inger).  Seattle.  W A Transportation. 
Construction  At  tieom.  Div 

l NIVI. RSII  Y OP  WISCONSIN  Milwaukee  W I iCtt  of  Great  l akes  Studies) 

URS  Kl  SI  ARt  H CO.  LIBRARY  SAN  MATLO.  CA 

VPN  IT: R A COUNTY  PNVIKON  RPSOURCP  AGFNCY  Ventura.  CA  Tech  l.ibraty 
VIRCiiMA  INST  . OP  MARINI  SCI.  Gloucester  Point  VA  (l  ibrary) 

AGBABIAN  ASS(>C.  C.  Ragge.  P.l  Segundo  CA 
Al  PRPD  A YPP.  A ASSfX'.  Honolulu  HI 
AMPT  PK  Offshore  Res.  A Pngr  Div 
AM  SCO  IX.  R.  McCoy.  Ptie.  PA 
ARCAIRCO.  D.  Young.  I aileaUCi  Or! 


ARVID  GRANT  OLYMPIA.  WA 

ATLANTIC  RICH  IT  LI.  I)  CO.  DAI  I AS.  IX  (SMITH) 

AUSTRALIA  IX-pt.  PW  (A.  Hicks).  Melbourne 
BPCHTPI.CGRP.  SAN  I RANCISCO,  CA  (PHPLPS) 

HP.LGR  M HAKCON.  N .V  ..  Gent 

BLTHLLHPM  STl  PL  CO.  Dismukc.  Sethclehom.  PA 

BOUW  KAMP  INC  Bokclcy 

BRAND  INDUS  SP.RV  INC.  J.  Bueltler.  Hacienda  Heights  CA 
BRITISH  P.MBASSY  Sci.  A Tech.  Dept.  (J.  McAuleyi.  Washington  IX 
BROWN  ACALDWPl.l.  P M Saunders  W alnut  Creek.  CA 
BROWN  A ROOT  Houston  I X (O,  Ward) 

CANADA  Adrian.  Atulerson  A Assoc..  W'inmpcg;  Car.- Dive  Sers ices  (Lnglisb)  North  Vancouver;  Library . Calgary  . 
Alberta;  Lockheed  Petro.  Serv.  Ltd.  New  Westminster  B.C.;  Lockheed  Petrol.  Srv.  I ul..  Ness  Westminster  BC. 
Mem  Univ  Newfoundland  (Churil.  St  iohns.  Nova  Scotia  K-ch  Pound.  Corp  Dartmouth.  Nova  Scotia.  Surveyor. 
Ncnningcr  A Chenevcrt  Inc  . Montreal 
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C'AY WOOD.  NOPP.  W ARD.  AIA  Sacramento.  CA 

CF  BRAUN  CO  Du  Bouehet.  Murray  Hill.  NJ 

CHE  MED  CORP  Lake  Zurich  II.  (Dearborn  Chem,  Div.I.ih.) 

CHEVRON  Oil.  FI  FI. I)  RESEARCH  CO.  I.A  HABRA.  CA  (BROOKS) 

COLUMBIA  C.UFF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  FIB.) 

CONCRETE  TECHNOFOGY  CORP.  TACOMA.  W A (ANDERS()N| 

ITE.SICiN  SERVICES  Beck.  Ventura.  CA 
DILLINGHAM  PRECAST  F.  McHale.  Honolulu  HI 
DIXIE  DIVING  CENTER  Decatur.  GA 

DRAVO  CORP  Pittsburgh  PA  (Giannino):  Pittsburgh  PA  (Wright) 

DURFACH.  O'NKAI..  JENKINS  A ASSCX'  Columbia  SC 
NORW  AY  DEI  NOkSKE  VERITAS  (I.ibrary ).  Oslo 
EVAFUATION  ASSCX  . INC  KING  OF  PRUSSIA.  PA  lEEDEFE) 

EXXON  PRODUCTION  RESEARCH  CO  Houston  TX  (A.  Butler  Jr):  Houston.  TX  (C  hao) 

FORD.  BACON  & DAVIS.  INC  . New  York  ( I.ibrary) 

FRANCE  Dr,  Dutertrc.  Boulogne:  F.  Pli-kin  Paris;  P.  Jensen.  Boulogne:  Roger  FaC’roix,  Paris 
GENERAF  DYNAMIC'S  Elec  Boat  Div..  Environ.  EngrtH.  Wallman).  Groton  Cl 
GEOTECHNICAL  ENGINEERS  INC  . Winchester.  MA  (Paulding) 

Cil  IDDENCO.  STRONGSVILLE.  OH  (RSCH  FIB) 

GOULD  INC.  Shads  Side  MDlCbcs  Inst.  Div..  W.  Paul) 

GRUMMAN  AEROSPAC  E CORP.  Bethpage  NY  (Tech.  Info  Ctr) 

HAI.EY  A ALDRICH.  INC  Cambridge  MA  (Aldrich.  Jr.) 

HUGHES  AIRCRAFT  Culver  Oly  C A (Tech.  Doc.  C tr) 

ITALY  M.  Caironi.  Milan:  Sergio  Tut loni  Milano:  i or  ini'  (F.  Levi) 

MAKAI  CX’EAN  FNGRNC.  INC  . Kailua.  HI  * 

'AMES  CO.  K.  Ciirdley.  Orlando  El. 

KENNETH  TATOK  ASSCX'  CORAOPOFIS.  PA  (I.IBRARY)  ^ 

KORF.A  Korea  Rsch  Inst.  Ship  & Ocean  (H.  Choi).  Seoul 

I.AMONT-IXIHERTY  CiEOFOCiK  AF  OBSKRV.  Palisades  NY  (McCoy):  Palisades  NY  (Scluyni 
FIN  OFFSHORE  ENCJRCi  P.  Chow.  San  Francisco  CA 

LOCKHEED  MISSILES  A SPACE  CO.  INC.  F.  Trimble.  Sunnyvale  CA:  Mgr  Naval  Arch  A Mar  Eng  Sunnyvale. 

CA:  Sunnyvale  CA  (Kyncujcz):  Sunnyvale.  CA  (Phillips) 

LOCKHEED (X  EAN  LABORATORY  San  Diego  CA  (E.  Simpson,:  San  Diego.  C‘ A (Springer) 

MARATHON  Oil.  CO  Houston  TX  iC.  Seay) 

MARINE  CONCRETE  STRUCTURES  INC.  MET  AIRIE.  FA  (INGRAHAM) 

MC  CFEFFAND  ENGINEERS  INC'  Houston  TX  (IF  McClelland) 

MCIX)NNEF  AIRC  RAFT  CO  Dept  501  (R.H.  l ayman).  St  Louis  MO 
MEDAI.I.  A ASSCX  . INC.  J T.  GAFEEY  II  SANTA  ANA.  CA 
MEDERMOTI  A C'O.  Diving  Division.  Harvey.  I.A 
MEXICO  R.  Cardenas 

MOBIL  PIPE  FINE  CO.  DALLAS.  TX  MGR  OF  FNGR  (NOAC'Kt 

MUFSEK.  RUTFEIXiF.  WENTWORTH  AND  JOHNSTON  NEW  YORK  (RICHARDS) 

NEW  ZEALAND  New  Zealand  C oncrete  Research  Assoc.  (Librarian).  Portrua 
NEWPOR1  NEWS  SHIPBI.IXi  A DKY1XXK  CO  Newport  News  VA  ( lech,  l ib.) 

NORWAY  A.  Jorum.  Trondheim:  DF’T  NORSKE  VERITAS  (Roren)  Oslo;  I.  Foss.  Oslo;  J.  Creed.  Ski:J.|).  Hi*lst. 

Oslo:  Jakobscn.  Oslo:  Norwegian  Tech  Univ  (Brandt/acg).  Trondheim 
(KEAN  ENGINEERS  SAUSAFITO.  CA  (KYNECKI) 

(K  EAN  RESOURC  E ENG.  INC  . HOUSTON.  7 X (ANDERSON) 

PACIFIC  MARINE  TECHNOLOGY  l ong  Beach.  CA  (Wagner) 

PORTLAND  CEMENT  ASSCX'.  SKOKIE.  IF  tCOREFYt:  SKOKIE.  IF  (KFIECiEH):  Skokie  IF  (Rsch  A Dev  Fab. 
Fib.) 

PR E SC<  )N  C'C )KP  I C )W  SON . M D ( K l I ! K« ) 

PUER  I ( ) RICO  Puerto  Rico  (Rsch  Fib. Mayaqiic/  P R 
RJ  BROWN  ASSCX' (McKcehan).  Houston.  IX 
RAND  CORP.  Santa  Monica  CA  (A.  I.aupa) 

RAYMOND  INTERNAIIONAI  INC.  I Colic  Soil  Tech  Dept.  Permsauken.  NJ 
RIVERSIDE  CEMENT  CO  Riverside  CA  (W . Smith) 

SAFE  TY  SERVICES,  INC.  A.  Paeon.  Providence  Rf 


52 


SAN  HI  A LABORATORIES  Albuquerque.  NM  (Vortmun):  Library  Div..  Livermore  CA 
SCHUPACK  ASSOC  SO.  NORWALK.  CT  (SCHUPACK) 

SEAFOOD  L ABORATORY  MOREHEAD  CITY.  NC  (L  IBRARY) 

SEATECH  CORP  MIAMI.  El.  (PERONI) 

SHEL  L DEVELOPMENT  CO.  Houston  TX  (C.  Sellars  Jr.) 

SHEL  L.  OIL.  CO.  HOUSTON.  TX  (MARSHALL):  Houston  TX  (R.  Ue  Castongrene) 

SOUTH  AMERICA  N.  Nouel.  Valencia.  Venezuela 

> SWEDEN  Cement  & Concrete  Research  Inst..  Stockholm:  OeoTech  Inst:  VBB  (l.ibrary).  Stockholm 

? TECHNICAL.  COATINGS  CO  Oakmont  PA  (l.ibrary) 

TEXTRON  INC  BUFFALO.  NY  (RESEARCH  CENTER  LIB.) 

TIDEW  A'lTiR  CONSTR.  CO  Norfolk  VA  (Fowler) 

TRW  SYSTEMS  CL. EVE) .AND.  OH  (ENG.  LIB  );  REIXLNDO  BEACH.  CA  (l)All 
UNION  CARBIDE  CORP  R.J.  Martell  Boton.  MA 

UNITED  KINGDOM  British  Embassy  (Info.  Offr).  Washington  IX":  Cement  A Concrete  Assoc  W’exham  Springs. 
Slough  Bucks;  Cement  & Concrete  Assoc.  (l.ibrary).  Wexham  Springs,  Slough;  Cement  A Concrete  Assoc,  (l.it. 
Ex).  Bucks:  D.  l.ee.  I.onUon;  D.  New.  G.  Maimsell  A Partners.  I.ondon:  J.  Herrington.  L ondon:  l.ibrary.  Bristol: 
’ R.  Rut) ham  Oxfordshire;  Shaw  A Hatton  (F.  Hansenl.  I.ondon;  Taylor.  Woodrow  Constr  (0)4P).  Southall. 

Middlesex:  Taylor.  Woodrow  Constr  (Stubbs).  Southall.  Middlesex:  Univ.  of  Bristol  (R.  Morgan).  Bristol 
UNITED  TECHNOLOGIES  Windsor  l ocks  CT  (Hamilton  Shi  Div..  L.ibrary  t 
WATT  BRIAN  ASSCX  INC.  Houston.  TX 

WESTINGHOUSE  EL  ECTRIC  CORP,  Annapolis  MD  (Oceanic  Div  l.ib.  Bryant;  Library.  Pittsburgh  PA 
!•;  WEYERHAEUSER  CO.  LONGVIEW.  WA  (TECH  CTR  L IB) 

WISS.  JANNEY.  El.STNER.  A ASSOC  Northbrook.  II.  (D.W.  Pfeifer) 

, WM  CI.APP  L ABS  - BATTEL. l.E  DUXBU'RY.  M A (L.IBRARY):  Duxbury.  MA  (Richards) 

WOODWARD-CT.YDE  CONSUL-TAN". S Pl.YMOUTH  MEETING  PA  (CROSS.  Ill) 

AL>A MS.  CAPI  (RET)  Irvine.  CA 
ANTON  IEDESKO  Bronxville  NY 
' BRAHTZ  Lai  Jolla.  CA 

BRYANT  ROSE  Johnson  Div.  UOP.  Glendora  CA 
1 BUI. LOCK  l .a Canada 

? E.  HI-  UZK  Boulder  CO 

KRU/.IC.  T.P.  Silver  Spring.  MD 

> C API  MURPHY  Sunnyvale.  CA 
CiRECi  PAGE  EUGENE.  OR 

<"  R.l  BESIEK  Old  Siybmok  CT 

R.Q.  PAL  MER  Kailua.  HI 

ENERGY  RAD  ADMIN.  H.  Skowbo.  Washington.  LX’ 

;.  SMITH  Gulfport.  MS 

{ T.W . MERMEI.  Washington  IX 

WM  TAL  BOT  Orange  CA 

( IX  Don  of  no.  John  I...  LT;  Morris.  Donald  <#..  LT 
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